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Table I. Branching ratios of D mesons decaying into two, three, and four body
channels.

D° D+
K-zt 5.4%
Kot 4.1%
K—ntx° 17.3%
Kextn— 8.5%
K-—rntn+t 11.4%
Kentxe 13.4%
K rntatn— : 10.9%
K-ntnox° 8%
Kemtmom— 10.9%
K—ntxtx° 6.4%
Kontgtg— 15.2%
Kextxone 15.2%

Table II. Effective branching ratios for D-mesons to produce two pions.

Decay Channels* D*tD- DeD° D°D~ + D°D+

(n, m)

(2,2) 0.17% 0.29% 0.44%
(3,3) 13.1% 7.39% 18.7%
(4,4) 36.4% 21.3% 54.2%
(2,3) 1.49% - 14% 1.95%
(3,2) 1.49% 1.4% 1.06%
(2,4) 2.4% 2.2% 3.2%
(4,2) 2.4% 2.2% 1.7%
(3,4) 21.2% 12.3% 16.4%
(4,3) 21.2% 12.3% 14.7%

*(n,m) denote the number of particles in the decay channels of the first and second D meson.




Table ITI. Probability in unit of 10~1° for pion pair from D-mesons decay to
simulate B-meson decay in P789 experiment.

Decay Channels DtD- D°D° D°D~ + D°D*

(n,m)

(2,2) 0.0443 0.0139 0.0337
(3,3) 0.0036 0.00074 0.0024
(4,4) <0.0012 <0.00010 <0.00057
(2,3) 0.022 0.0048 0.0154
(3,2) 0.022 0.0048 0.012
(2,4) <0.0021 <0.00034 <0.00116
(4,2) <0.0021 <0.00034 <0.00116
(3,4) <0.0015 <0.00015 <0.00074
(4,3) <0.0015 <0.00015 <0.00064

Table IV. Efficiency of various cuts for rejecting pion pairs from D* D~ decay.

Decay Mass cut Mass cut
Channels Events Mass cut and Z > 5mm and accepted
(n,m) thrown 49 <M < 5.5GeV and Z > 5mm and v, < 0.1mm by spectrometer

(2,2) 5x107 5.8 x 108 3.5 x 10* 1.0 x 10* 6
(3,3) 5x107 4.5 x 10° 1.3 x 104 7.8 x 103 1
(44) 1x10® 8.0 x 10° 1.1 x 10% 9.3 x 10% 0
(2,3) 5x107 5.1 x 10° 2.2 x 10* 1.3 x 104 4
(2,4) 1x108 9.7 x 105 2.9 x 10* 4.9 x 10® 0
(34) 1x108 8.5 x 10° 1.7 x 104 6.1 x 102 0




Table V. Expected Number of Events Accepted by Experiment P789.

B rxtn— 7Tx~ from D decays

Interaction/pulse 101° 1010
Pulse/run 10° 10°
o production 9 nb z nb
A0-29 4.5 4.5
1/or 2.5 x 10~%nb™? 2.5 x 10~8nbp™?!
Effective B.R. 0.3x5x10"5 y
Acceptance 2% x 35% zx 10710

Total Events 100 Yzxyxzx0.0113
(0.10 > counts > 0.05)
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Fig. 1. Histogram for cosf, where 8 is the polar angle of the pion with respect to the di-pion system.



4) Drift Chambers

The sensitivity of the proposed experiment depends critically on the mass resolution
one can achieve. Impressive mass resolution (§(mass)~ 30 MeV at mass ~ 9.5 GeV) was
already obtained in the E605 experiment® with closed aperture and an extended target.
The use of the Si detectors together with an open-aperture configuration will lead to excel-
lent vertex determination and also improve the mass resolution. In addition, we propose
replacing the existing station 1 MWPCs with high-rate drift chambers to obtain better
position resolution at station 1. This will improve not only the mass resolution but also
the ability to associate downstream tracks with tracks in the silicon vertex spectrometer.
The proposed dimensions of these new drift chambers are listed in Table II. Monte-carlo

simulation of the expected mass resolution (Section IV) yields o ~ 3 MeV at m = 5.3 GeV.
5) Hodoscope Scintillators

For the proposed spectrometer setting, the profile of accepted 5.3-GeV-mass events at
station 1 is about half the vertical size of the existing station 1 hodoscopes. We propose to
rebuild the station 1 hodoscopes with the same number of scintillators but half the current

vertical size. This will improve the trigger matrix definition at the lowest trigger level.
6) Target

We will employ a tungsten target with the dimension 3 mmx 0.5 mm x 10 mm
(length x height x width). The short length of the target will facilitate the separation
between primary and decay vertices. The small height of the target will help to reject those
background tracks whose 3-momenta point back to the target and to provide a further cut

on the 3-momenta of the dihadron which will be required to point to the target.



IV. MONTE-CARLO SIMULATIONS OF SPECTROMETER PERFORMANCE
1) Acceptance

The dynamics of b-quark production in hadron interactions was recently investigated
by E. Berger.? His model is capable of reproducing the existing data from UA1!® and
m+nucleus!! experiments. Figure 4 shows the z and p; distributions predicted by Berger
for b-quark production in p+p collisions. We assume similar distributions for B meson
production in our monte-carlo simulation (zp distribution o o 2"’, o = 0.17; p, dis-
tribution oc e=(7i/ 7G’V’)). Figures 5(a) and 5(b) show the acceptance of the spectrometer
as a function of SM12 current and target location, respectively. The choice SM12 = 2000
amps and Z = -80 inches is used throughout this proposal. Data taken during the February
1988 test on singles rates in the spectrometer vs. target location and magnet excitation

will be used to optimize further the tradeoff among acceptance, resolution, and singles

rates.

Figures 6(a) and 6(b) show the spectrometer acceptance as a function of the zp and
p: of the B meson. The acceptance as a function of dihadron mass is shown in Figure
6(c). Note that the acceptance for mass ~ 9.5 GeV is quite large. Therefore the search
for my — pp decay does not require different spectrometer settings. Figures 7(a) and
7(b) show the acceptance folded with Berger’s production model for zz and pt; the p,
distribution is shown in Figure 8(a). At 800 GeV, the accepted B mesons have rather
large momentum (< P, >~ 165GeV’). This implies that the average distance between the

primary production vertex and secondary decay vertex is ~ 1.0 cm, as shown in Figure

8(b).

To determine the dimensions of the Si strip detectors, we show in Figure 9 the dis-
tribution vs. 6, and 6, in the upper hemisphere for events accepted by the downstream
spectrometer. The symmetry of the spectrometer implies nearly identical acceptance for

the lower hemisphere.



2) Mass Resolution

To simulate the mass resolution of the spectrometer, multiple-scattering in the various
materials and the finite position resolutions of the chambers are taken into account. Figure
10 shows the result of the monte-carlo simulation of mass resolution at the B meson mass.
The large p; kick of the SM12 magnet and the vertex determination by the Si vertex

detectors are responsible for the excellent mass resolution of {M/M ~ 0.6 x 1073,
3) Vertex Reconstruction

Figure 11(a) shows the Z-vertex resolution for accepted B meson events, and Figure
11(b) shows the corresponding distribution in proper lifetime. Figure 11(c) shows the

distribution of the reconstructed impact parameter of the At — h~ events.



V. SIGNALS AND BACKGROUNDS
1) Expected Yields of B, Ay — hth~

The expected number of events is calculated as

Niet = Nieamn X Niarg X 0 X € X BR X Acc X Eff (8)

Assuming 10® spills for a fixed-target run with 3 x 10 protons/spill, the total number
of beam particles (Npeam) is 3 x 10'®. A 3mm-long W target (3% interaction length)
gives Nirg = 3.5 x 1024 nucleon/cm?®. The production cross section o(pp — bbX) is
estimated by Berger® to be 9nb > o > 2nb. e is the probability that the produced 5,5
quarks will hadronize into a particular B meson or b-baryon. Bjorken has estimated® that
(b — Bg) ~ 30%, (b — B,) ~ 15% and €(b — Ap) ~ 15%. BR is the expected branching
ratio for a specific B, Ay — h*h~ decay. As discussed earlier, the spectrometer acceptance
Acc is calculated to be ~ 2% at 5.3-GeV mass. Eff represents the efficiency of the B
events to survive the various background-rejection cuts (mainly mass and Z-vertex cuts).
We estimate Eff to be ~35%. Table III lists the number of surviving events (Ng.:) after
all cuts for various decay channels. In Table III we assume o(pp — bbX) to be 4.5 nb and
BR = 5 x 10~° for all decay modes. With the assumed branching ratios, the total number

of reconstructed B, Ay — h*th~ events is expected to be of order one thousand.

2) Backgrounds

There are two major types of background. The first arises from production of a pair
of relatively long-lived particles which decay downstream of the target. The second is due
to direct hadron pairs produced in the target. The nature of these backgrounds and the

estimated efficiency to reject them are discussed below.
(a) Background from decays of pairs of long-lived particles

First we consider the production of D-meson pairs DD followed by D — K=, D —
Knw, D — Knwn decays. The lifetimes of D mesons are comparable to those of B mesons

but with production cross sections three orders of magnitude larger. The probability for a

10
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Fig. 2. Histogram for cosf, where 4 is the polar angle of the pion with respect to the di-pion system.
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1. Addition of silicon vertex spectrometer: 5 planes in each of
the "up® and "down" arms, each plane consisting of 1500 50-micron
strips (read out every strip at small vertical angles, decreasing to

every few strips at large angles).

2. New shielding wall at downstream end of SM12 analyzing

magnet.

3. New station 1 wire chambers: 6 drift-chamber planes having

lcm cells, to cover aperture of 32" vert. x 45" horiz.

4. Re-install photon detectors and associated electronics on

Ring-Imaging Cherenkov counter.
5. High-speed vertex processor.

These are changes which we believe are feasible in the time

available before the next fixed-target run.
VI. SUMMARY

We propose to reconfigure E605/772 to detect two-body hadronic
decay modes of neutral B mesons and baryons. The calculations given
above are based on an assumed cross-section of 3 nb/unit rapidity for
b-bbar production at rapidity near zero and branching ratios per
two-body hadronic decay mode of 10*#-4. This experiment will provide
important first measurements of these quantities, or upper limits

should these assumptions prove optimistic.
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FIGURES

1. Yield calculation for a branching ratio of 10**-4 into a
two-body decay mode.

2. a) Existing E605/772 spectrometer. b) Schematic showing
proposed changes.

3. Acceptance of spectrometer in Feynman x and transverse
momentum for b-quark production according to the models of Reference
3.

4. Calculation of the hadron-pair continuum background.

5. Calculation of the rejection factor for a gaussian peak on a
smooth background of hadron pairs.
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half-lifetime cut should thus give a background rejection of 5 sigma,
or 3 x 10%+-7 !! Realistically, if we achieve a rejection of 10+%-3,
while retaining 60% of the B-decay events, we will be left with a data

sample as follows:

B-species products bkgnd signal significance
Bd Pie Pi- 9 x 10«3 800 8 sigma

Bd | K+ K- 2 x 103 800 18 sigma

Bs Pi+ K- 3 x 10%x3 400 ' 7 sigma
Tambda-b K+ pbar 6 x 10%%2 400 16 sigma

This discussion brings out the importance of particle-species
identification. Without species identification, each background event
will enter nine times, and at nine different masses, as each
particle-species assumption is tried out in turn: Pi+ Pi-, Pi+ K-,
Pi+ pbar, etc. Thus the background will be nine times larger. The
ring-imaging Cherenkov counter, installed in our apparatus in 1982, is
capable of performing species identification over the necessary range

of particle momentum.
IV. TRIGGER RATE

The remaining problem which needs to be addressed is trigger
rate. We have seen above that the rate of real and accidental hadron
pairs with mass exceeding 5 GeV is 10%*10 per fixed-target run. Even

if a trigger can be devised which selects only such events, the
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resulting rate of 10++5 per pulse far exceeds the rate capability of
our data buffering system (4096 events or 4 megabytes per pulse). To
avoid large deadtime, we need to keep the average trigger rate below
about 2000 per pulse; this is also desirable from the viewpoint of
off-line analysis computing load. Past experience suggests that our
existing low-level hadron-pair trigger, which is based on hodoscope
roads in combination with calorimeter energy-deposition, can be
expected to count at the rate of a few to several x 10#+5 per pulse.
The tight mass cut available from our trackfinding trigger processor
is likely to reduce this rate by an order of magnitude, giving ¢ 10%x4
per pulse. To reduce the rate beyond this, it will be necessary to
utilize vertex information in the trigger. We propose to construct a
fast vertex processor, which in a period of about 5 microseconds can
"test all relevant hit combinations in the silicon planes, and identify
those consistent with a particle originating outside of the target and
having transverse momenﬁgm exceeding 1 GeV. Since in the time
available, easily available memories, PALs, and ALUs can perform only
100 to 200 steps, a high degree of parallelism will be required in the
design of this processor in order to reduce the 400 (typical) hit
combinations per event to the 50 or so relevant ones. Since the
vertex processor will be designed to have a decision time less than
that of the track processor by a factor of two to five, it will also
help to reduce the overall deadtime. More work is required in order

to estimate the rejection achievable with such a processor.

V. SPECIFIC CHANGES TO THE SPECTROMETER
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material of the magnet and beam dump. The observed rate allows us to
rule this out as a substantial counting-rate background, however the
enhanced radiation-damage cross-section of fast (MeV) neutrons in
silicon might still pose a problem. To investigate this, we exposed a
Harshaw DN156 PIN diode fast-neutron dosimeter at the same location.
It registered 50 Rad per 10#%12 interactions, corresponding to 50 kRad
per fixed-target run, which is negligible compared to the
charged-particle dose. Since the PIN diode is most sensitive to
exactly the neutron-energy range which is most effective in damaging

silicon, we are confident that neutron damage will not be a problem.
III. BACKGROUNDS AND BACKGROUND REJECTION

A substantial background for the observation of two-body hadronic
B decays is correlated production of hadron pairs. The cross-section
has been measured for 200-, 300-, and 400-GeV incident protons [6].
Using the fit of Jostlein et al. [6], we can extrapolate to 800 GeV,
giving the results shown in Figure 4. Since the background is a mass
continuum, the number of background events is proportional to the
width of the mass bin in which one looks. Pion pairs are seen to have
the highest background, at 4.5 x 10*x9 pairs per GeV, and pbar-K+ the
smallest, at 3 x 10*+8, the other species combinations being
intermediate between the two. Jostlein et al. also characterized the
accidental hadron-pair rate (Figure 4). We see that 10
interactions/bucket is approximately the optimal interaction rate:
taking into account the typical spill-structure duty factor of 2,

accidentals and reals are comparable at that rate, whereas accidentals
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would dominate by an order of magnitude at 100 interactions/bucket.

Rejection of the hadron-pair continuum background depends on mass
resolution and decay-vertex resolution. Figure 5 illustrates the
effect of the mass cut. Based on the Monte Carlo prediction of 1 MeV
(rms) mass resolution, a +- 1-sigma cut retains 70X of the signal
events while retaining background events as given in the following

table for a few representative species combinations:

B-species products bkgnd signal ratio
Bd Pi+ Pi- 9 x 10++6 1400 2 x 10%%-4
Bd K+ K- 2 x 10%+6 1400 7 x 10%%-4
Bs Pi+ K- 3 x 10«6 700 2 x 10%x-4
Lambda-b K+ pbar 6 x 10##5 700 10%%-3

It is clear that a further rejection of at least 10#%-3 is required
from the decay vertex cut in order to study B decays. We choose to
operate with a short (3mm) target in order to optimize the vertex
reconstruction. Thus the target length contributes less than 10%
(rms) of the mean B decay length. Furthermore, Monte Carlo simulation
indicates that the high precision of the silicon and wire-chamber
measurements, combined with the fong lever arm and large
transverse-momentum kick of the spectrometer, yields vertex z
extrapolation to better than 10X of the mean decay Ilength.
(Multiple-scattering in the silicon is the dominant contribution to

the vertex resolution according to the Monte Carlo.) Naively, a
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zero, which is quite comparable to our present Upsilon acceptance.
Preliminary acceptances vs. transverse momentum and Feynman x are
given in Figure 3. The outstanding questions are: 1) can we operate
the vertex detector and the downstream spectrometer at interaction
rates in the neighborhood of 10/bucket, and 2) is the signal to

background ratio adequate in order to identify B decays unambiguously?

We can estimate the rates in the vicinity of the target as
follows. A standard approximate parametrization for the bulk of the

single-hadron inclusive invariant cross-section is
A exp (-6 Pt) ,

independent of rapidity. This leads to the result (integrating over

momentum and azimuth)
N =n In (theta2 / thetal) , (1)

where N = number of charged particles per interaction produced between
thetal and theta2 and n = charged multiplicity per unit rapidity (= 3
at 800 GeV on the rapidity plateau, i.e. y near 0). The acceptance
of the downstream spectrometer is restricted to vertical angles such
that the produced charged particle is magnetically deflected around
the beam dump without striking the magnet yokes. This means that the
vertex detector only needs to cover the vertical angular range 15 mrad
€ |theta-y| ¢ 55 mrad. From equation (1), and approximating theta-y =
theta, the total rate into this angular range is 4 charged particles
per interaction. In x the vertex detector needs to cover the +-27

mrad horizontal aperture. Thus each detector covers about 90 degrees
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in phi and sees 1 charged particle per interaction. If no other
background dominates (an assumption to be examined in detail below),
then at 10 interactions per bucket each detector sees an average rate
of 10 charged tracks per bucket. Taking into account the typical
spill-structure duty factor of 2, a typical event would contain 20
tracks in each detector. This is an acceptable rate from the
viewpoint of pattern recognition if each plane consists of about 1000

elements (2% random hit probability).

From the viewpoint of radiation damage, silicon strip detectors
are known to die after 10+#14 charged particles per cm+*2 [5] (4
MegaRad) . If the first vertex detector plane is placed Im downstream
of the target, its area is 20 cm**2, so it should last for 2 x 10%*15
interactions. This is twice as long as a "standard" fixed-target run
of 10#+5 pulses, if we operate at 10 interactions/bucket. It seems
quite feasible to replace the detector planes every running period,

should this prove necessary.

In order to test these estimates, we have placed a Silicon Strip
Detector (borrowed from E653) downstream of the first analyzing magnet
(SMO). We read out one strip, covering an area of 100 microns in x by
5cm in y. The detector is located at z = 100* and centered vertically
at theta-y = 85 mrad. It counts at 10%*-4 per interaction, in good
agreement with the prediction of 6 x 10++-5 based on the above model.
In addition to charged p§rticles from the target, the detector might
be bathed in a "sea® of low-energy neutral particles created by the

interaction of high-energy primary and secondary particles in the



I. INTRODUCTION

Bjorken [1] has summarized the theoretical issues and the
experimental situation regarding B mesons. Recent results from ARGUS
[2] indicate that there is unexpectedly strong mixing between the
neutral B mesons and their antiparticles. Combined with earlier
results, they also allow the parameters of the Kobayashi-Maskawa
matrix to be substantially pinned down [2]. It seems clear from this
not only that mixing is large (in the vicinity of 20%), but that CP
violation may well be observable in neutral B-meson decay. Bjorken
estimates that an experiment which can reconstruct 10,000 B decays and
measure their lifetimes has a chance of observing CP violation through
a modulation of the exponential decay distribution. This is a goal
far beyond the reach of present-day electron-positron collider
experiments, and it seems attainable only in a carefully-designed

fixed-target experiment of very ambitious scale.

In this proposal we consider the suitability of the existing
E605/772 apparatus for a near-term look at the two-body hadronic decay
modes of neutral B mesons and baryons. We conclude that it appears
feasible to reconstruct between 1,000 and 2,000 Bs per two-body
hadronic decay mode in a typical 6-month Tevatron fixed-target run.
Such an experiment has the potential to measure the masses, |ifetimes,
and cross-sections times branching ratios to two hadrons of various
mesonic and baryonic b states, including discovery of the B-sub-s
meson and the Lambda-sub-b baryon. (In particular, a very interesting

test of present models of weak decays is measurement of the lifetime
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ratio of B-sub-s to B-sub-d.) In addition, it will explore the
possibility (of great potential importance for the observation of cP

violation) of substantial production-rate asymmetries.

For a rough indication of the required sensitivity, we use a B
cross-section in 800 GeV proton-nucleon collisions estimated at 10
nanobarns [3], and we assume two-body hadronic branching ratios of
0.01% [1]. 1In comparison, the Upsilon cross-section times branching
ratio into muon pairs is about 5 picobarns [4], and the present run of
E772 is recording some 30,000 Upsilon-decay events. We could thus
expect to record of order 10%x4 B-decay events in each two-body
hadronic mode, provided we could maintain the same interaction rate of
100 per RF bucket. Considering that in order to detect B decays we
need to open up the aperture and operate a vertex detector near the
target, a more reasonable goal! is to run at 10 interactions per bucket
and record approximately 1,000 events per two-body decay mode. The
details of the yield calculation are given in Figure 1. E605/772 s

the only existing experiment to approach this level of sensitivity.
II. EXPERIMENT

The proposed experimental arrangement is shown in Figure 2. The
only new elements are the vertex detector and the precision tracking
detector, which replace the former Staﬁion 0 and Station 1 chambers
(respectively). Together, these new detectors improve our vertex z
resolution from 2cm to the 1mm necessary in order to identify B decays
unambiguously. Monte Carlo simulation indicates an acceptance (with

optimal choice of magnetic field settings) of 6% for rapidity near



VI. RESULTS FROM TEST RUN

In January and February 1988, after the completion of experiment 772, we performed
several tests to evaluate the spectrometer configuration of P789. The major goals of these

tests were:

a) To check the singles rates in various detectors in the proposed open-aperture config-

uration.

b) To measure the rate of charged-particle production from the interaction of an 800 GeV
proton beam with a 3mm tungsten target. The neutron flux was also measured. These
measurements are crucial for evaluating the radiation damage of and count rates in

the Si strip detectors.
c) To measure the trigger rate.

For the tests, we removed from E772 the SM0 magnet and the hadron absorber wall.
The SM12 current was set at 2000 amps and the SM3 current at -4250 amps. The exit
of SM12 was collimated to 20” high x 28” wide. 1mm and 3mm W targets and beam
intensities varying between a few x 10'° and a few x 10!/spill were used. We present

results normalized to the proposed beam intensity of 3 x 10! /spill.
1) Singles rates on hodoscopes and chambers

Table V lists the singles rates at the various hodoscope stations. The maximum rate
is ~6 MHz, well within the rate capability of these counters. The currents drawn by the
wire chambers at stations 1, 2 and 3 were 50, 100 and 300 yuamps, respectively. The hit
multiplicities on the stations for reconstructed dihadron events were 12, 10, and 15. These
chamber currents and multiplicities are similar to or less than those observed during E605

data taking.
2) Rates on the Si strip detectors

We installed a Si strip detector (5 cm X 5 cm, 50 pym pitch) 60 inches downstream

13



of the target. In addition, a finger scintillator (3" x 1/8" x 1/8") was mounted on a
motor-driven frame 49 inches downstream of the target. The minimum ionization band
was clearly visible on the photo-tube output of the scintillator. The vertical position of the
finger scintillator was varied between 6mr < |6,| < 90 mr. Figure 14 shows the scintillator
count rates as a function of the vertical position of the counter. Also shown are target-out
rates. The beam axis can be well determined from Figure 14. The preamp output of the
Si detector also showed a clear minimum ionization band. Three adjacent strips of the Si
detector were read out. The Si detector was placed at two different heights corresponding
to 6y = 50 mr and f, = 96.5 mr. The rates measured by the finger scintillator are in

agreement with the rate measured by the Si detector within a factor of two.

From the count rates measured by the finger scintillator (Figure 14), we can now make
a realistic prediction of the rates on the Si strip detectors to be used in P789. We consider
a Si detector located 63 cm downstream of the target covering -26 < 0, < 26 mr, 18 mr
< 6, < 65 mr. This detector has 512 horizontal strips of 70 pm pitch with a total area of 2"
x 1.4". In Table VI we list the predicted count rate/strip on various strips as a function
of 0y, as well as the flux per cm? integrated over one running period. (The integrated
fluxes for a plane located 126cm downstream of the target are given for comparison.) The
results in Table VI are also plotted in Figure 15. Table VI implies that the average count
rate/strip is 1.4 MHz and the average number of hits per RF bucket on the Si detector
is ~14. Assuming the radiation damage limit for Si detectors is 10'* minimum-ionizing
particles/cm?, we conclude that the upstream Si detector should last for a few months of
beam time. We anticipate that the upstream planes can be replaced part-way through the

run, should this prove necessary, at a cost of $7K per silicon wafer.

The neutron flux was measured in the target cave behind a few inches of concrete
shielding. This was done in order to estimate the possible radiation damage to the silicon
detector and its preamplifiers. The neutron rates were considerably lower than the direct
charged particle rates from the target. With a modest amount of shielding, the neutron
rates 1/2m east and west of the beam axis (where the preamplifiers will be located) can
be reduced to less than 50 krads for 10° pulses. We have been assured by D. Christian

that this level should prove not to be a problem for the new generation of preamplifiers.
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The neutron rates on axis will cause less damage to the silicon wafers than the charged

particle rates.
3) Trigger Rate

As indicated in a previous section, it is expected that 2 x 103 target di-hadrons per
spill will be accepted by the spectrometer. Unless a highly efficient trigger can be devised
which selects only such events, the resulting volume of data would most likely exceed the
maximum storage of our data buffering system (4096 events or 4 megabytes per pulse).
While we intend to increase this storage limit at least fourfold, it is essential that a clean
di-hadron trigger be constructed. Past experience suggests that our existing low-level
hadron-pair trigger, which is based upon hodoscope roads in combination with calorimeter
energy deposition, could be the starting point for this trigger. The rejection power of the
trigger processor, calculating the mass of the apparent hadron pair, should then bring the
data rate within the capacity of the buffer.

Several tapes of di-hadron test data were recorded using a variety of hodoscope and
calorimeter based triggers under various beam and target conditions. These serve to mea-
sure the relevant trigger rates and to check the di-hadron production cross sections. The
results of these studies are shown in Table VII. The various trigger conditions applied
are defined as follows: The 3/4 L-R hodoscope coincidence requires 3 out of 4 hodoscope
planes on the both the left and right side of the apparatus to record hits. E¢o: requires a
total energy deposition threshold in the calorimeter of at least 70 GeV. hth~ is a 6-fold
matrix hodoscope hit pattern consistent with two oppositely charged particles originating

from the target.

By using all three of these trigger conditions in coincidence a raw trigger rate of
1.2x10* per spill was observed at 1.4x10! protons per spill incident on a 3mm W target.
This is expected to scale up to about 4x10* at 3x10'! incident protons per spill. Table VII
indicates that about half of the event rate is due to particles coming from the beam dump.
These beam dump triggers will be more efficiently rejected by the trigger matrix when the
new, finer-grained Y1 hodoscope is employed. Furthermore, a requirement on the presence

of two energy clusters in the calorimeter can be applied to remove the background of high
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energy single hadrons. Nevertheless, this trigger rate is already well within the bandwith
of our trigger processor, which requires only 10 to 20 usec per event. In past running
the trigger processor has provided a trigger rate reduction of 5 to 10 times by requiring
a pair of opposite-sign tracks originating near the target. This would place the number
of events per spill safely inside the anticipated capacity of the upgraded data buffer. If
necessary, the processor is capable of making a tight mass cut on these target-track pairs
to reduce the data rate still further. While we are planning on adding a silicon vertex
track processor to our triggering system, it is not anticipated that this information will be
needed in the trigger, but will merely serve to reduce the amount of tapewriting and hence

also the off-line computing load.
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VII. COST ESTIMATES

A number of changes to the E605/772 spectrometer are required for P789. These
include the installation of a lsilicon vertex detector and a new station 1 drift chamber,
construction of a partially-open aperture wall in the SM12 magnet, rehabilitation of the
RICH detector, upgrades to the data acquisition system including a vertex processor, and
rebuilding of two hodoscope planes. The total estimated cost is $590K. This is based
primarily on the P789 impact statement written by D. Christian dated November 29, 1987
and assuming that the existing 6000 channels of MWPC electronics will be used for the

silicon vertex detector readout. The breakdown of the costs is as follows:

1) Silicon Detectors

Silicon (8 planes + spares) $150K

Mounts 35K

Preamps (6K channels) 55K

A/C & RF shielding 30K

Re-shielding target cave 30K

Total $300K

2) New Station 1 Drift Chamber

Mechanical $40K
Readout electronics 10K
Total $50K

3) Partially Open Magnet Aperture

Machining and rigging $50K

Total $50K
4) RICH Detector

Readout electronics (2000 chan.) $120K
Misc. rehabilitation 20K

Total $140K

17



5) DAQ upgrade

Megamemory replacement $30K
Si vertex processor 10K
Total $40K

6) Hodoscope rebuild

Rebuild 2 planes - mechanical $10K
Total $10K
Total Estimated Cost $590K

VIII. SUMMARY

We propose to reconfigure the E605/772 spectrometer to study the two-body, two-
prong decay modes of neutral B mesons and baryons. The superb mass resolution and
high-rate capability of this instrument are uniquely suited to this objective. Based upon
plausible assumptions for cross sections and branching ratios, a sample of order 103 b-
decays can be obtained. These data will provide important first measurements of the
masses, lifetimes and branching ratios for a variety of non-charm decays into m, K, and
protons. While some upgrades to the spectrometer are required, the anticipated cost

(;590K) and level of effort involved are reasonable in light of the potential physics insight

that can be obtained.
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Table I. Si strip detector conflguration.

Plane Z (cm) Size (X cm x Y cm) No. of strips Spacing (um)

(HxV)
Y1 60 4.0 x 3.4 512 66
Ul 60 4.0 x 3.4 244 200
Y1’ 68 4.0 x 3.4 512 66
V1 68 4.0 x 34 244 200
Y2 124 7.0 X 6.8 512 132
U2 124 7.0 x 6.8 244 400
Y2 132 7.0 x 6.8 512 132
V2 132 7.0 X 6.8 244 400

Total number of strips = 3024 x 2 = 6048.

The U,V strips are on the reverse side of the Y silicon wafers.
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Table I1. New station 1 drift chambers.

Chamber Size (cm X cm) No. of channels Cell size (cm)
(H x V)
Y1 110 x 72 72 1
Yi! 110 x 72 72 1
U1l 110 x 72 96 1
U1’ 110 x 72 96 1
Vi 110 x 72 96 1
Vi1’ 110 x 72 96 1

Table ITI. Estimated number of events (per 10'® interactions).

Decay Mode € BR No. of events
By,Bq — wto— 0.6 5x 105 100
By, By —» K*n¥ 0.6 5x 105 100
By, By — K+K- 0.6 5% 1078 100
Ba, B4 — pp 0.6 5x 1075 100
B,,B, » wtn— 0.3 5x 1075 50
B,,B, » K*x¥ 0.3 5x 105 50
B,,B, -+ Kt*K~ 0.3 5x 105 50
B,,B, - pp 0.3 5x 105 50
Ap, Ap — pEnT 0.3 5x 105 50
Ap,Ap — pEKTF 0.3 5x 105 50
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Table IV. Number of signal and background events.

Decay Mode No. of Events Background Significance
B4,Bg — ntn~ 100 40 8o
By,Bq — KtK~ 100 4 100
By, B4 — pp 100 4 100
By — K*tn— 50 20 6o
By — K=t 50 10 60
B,,B, » ntr~ 50 40 50
B,,B, - KtK~- 50 4 To
B,,B, — pp 50 4 To
Ay — pr— 25 30 3o
Ay — pK~ 25 5 50
Ay — prt 25 5 50
Ay — pK+ 25 2 50
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Table V. Maximum count rates in hodoscopes (3 x 10! protons on 3mm W).

Plane Rate (MHz)
X1R 3.0
Y1R 2.4
Y2R 1.6
X3R 4.4
Y3R 6.5
X4R 0.25
Y4R 0.10

The X1R,Y1R rates are shown for the reduced size planes.

Table VI. Si detector count rate/strip (3 x 10!! proton/spill on 3mm W).

fy(mr) Rate (MHz) Hits/RF bucket Integrated flux/cm? (per 10'® interactions)

per strip Z = 63cm 126cm
18.1 2.99 0.059 2.5 x 1014 0.62 x 1014
21.2 2.49 0.050 2.1 x 104 0.52 x 104
26.2 1.92 0.038 1.6 x 104 0.40 x 104
31.2 1.74 0.035 1.4 x 1014 0.36 x 1014
36.2 1.38 0.028 1.1 x 1014 0.28 x 104
46.4 0.95 0.019 0.78 x 104 0.20 x 104
56.4 0.68 0.014 0.55 x 1014 0.14 x 1014
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Table VII. Results of Trigger Rate Study with 3mm W Target.

Trigger Target Protons/spill Triggers/spill
(3/4L-R)-Eyos In 3.4x1010 1.9 x104
(3/4L-R)-E;0; Out 3.6x1010 1.2 x10%
(3/4L-R)-Eqo In 9.8x1010 7.5 x10*
(3/4L-R)-E;q Out 1.4x10 7.0 x10*

(3/4L-R)-Ego¢-(hth ) In 2.6x1010 1.2 x10°
(3/4L-R)-E¢os-(h*h™) Out 2.1x10%° 5.2 x10?
(3/4L-R)-E¢o¢-(h*h ™) In 1.4x1011 1.2 x10%
(3/4L-R)-E¢o¢-(h*h™) Out 1.3x 1011 6.7 x103
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ABSTRACT

We propose using an upgraded version of the E605/E772 spectrome-
ter to measure a large sample (~ 10 events) of two-body, two-prong de-
cays of neutral b-quark hadrons. An integrated luminosity of 1.1 x 104!
cm~? combined with ~ 2% acceptance at the B mass gives an effective
luminosity of 2 X 103? cm~2. The excellent mass resolution (~3 MeV at
m = 5.3 GeV) and high-rate capabilities of this spectrometer are uniquely
suited to this objective. Masses and lifetimes of the B}, B?, and A} will
be determined, as well as branching ratios for two-body non-charm decay
into 7, K, and protons. Major upgrades to the spectrometer are: a) addi-
tion of a vertex array employing silicon strip detectors, b) refurbishing of
the E605 ring-imaging Cherenkov detector, and c) construction of a new
station of high-precision, high-rate drift chambers (6 planes).



I. PHYSICS MOTIVATIONS

This proposal is motivated by two important recent discoveries in b-quark physics.
The first is the observation!:? of unexpectedly large mixing in the neutral meson system,
B and B®. This result suggests the possibility that CP-violation could be observed in
a high-statistics study of B® meson decays. The second discovery?® is that the amplitude
for b — u conversion is surprisingly large. The absence of non-charm decay of B mesons
led to the determination 0 < |V,3| < 0.008 by the Particle Data Group? in 1986. This
situation was changed by the recent discovery by the ARGUS? group of the decays B+ —
pprt and B® — pprtw~. Combined with previous data, the reported branching ratio of
(3.7+£1.3+£1.4) x 107* for B* — ppr* and (6.0 + 2.0 & 2.2) x 10~* for B® — pprtm—
implies® 0.07 < |Vy5//|Ves| < 0.19. The large magnitude of Vy,;, suggests that the branching
ratios for B , — h*h~ non-charm decays could be of order 10~* to 10~5. Such di-hadron
decays have not yet been observed experimentally. It is clear that the observation of

non-charm h*th~ decays will have important impact on the determination of Vub-

Even though the existing data on B meson production and decay originate almost
exclusively from e*e~ collider experiments, the luminosity at existing colliders severely
limits the production rate. An alternative® is the detection of b decays in fixed-target
experiments at FNAL, where the production rate of b-quark hadrons is orders of magnitude
greater than that at current et e~ colliders. The crucial questions to be answered of course
are: (a) How many b’s can be produced? and (b) To what extent can non-b-physics events
be rejected from the data set. We propose that the existing E605/E772 spectrometer,
characterized by its superb mass resolution and high-rate capability, is uniquely suitable
for detecting the hadron pairs (v * 7, K+ K, pp, 7 K¥F ,prn—, pnt,pK~, pK *) emitted in
the decays of neutral B mesons (By, B, ) and b-baryons (As,Ap). Based on the total number
of b decays estimated for a single fixed-target running period — of order one thousand —
we will be able to measure the masses of the B? and A{ for the first time and accurately

determine their lifetimes.

Beyond these goals it is interesting to note that measurements of the time dependence

of I'(B — h*h™) could lead to the observation of B’ — B® mixing and CP-violation provided



that a large production asymmetry exists between B® and B°. It is straightforward to

derive’

=

- N
+N

I\(B;s’e.utral — K_7l'+) o e—rd,-t (%(1 + e—AI‘d,.t) - COSAmd,at) (1)

2

where N, N are the numbers of B®, B produced.

Equation (1) shows that even without flavor tagging of the B mesons, it is possible
to observe an oscillatory component in the time evolution of B —» K¥r* decay. Such an
observation could lead to the determination of Am and (N — N)/(N + N). Unfortunately,

it is difficult to predict the best kinematic region for a large production asymmetry.

The asymmetry in B® — K¥x% decays is also sensitive to CP-violation. Bigi and

Stech” obtain the following relation

Yield K~nt)p 1+ Af(t) |Ampl(B — K—x)|*

(2)

where A = (N — N)/(N + N), and f(t) = 2¢7/2ATt /(1 + ¢~ATt)cos Amt. CP-violation is
established if the second factor in Eq. (2) is different from unity. For B} — KFx* decays,

CP asymmetry as large as 10% could occur.”



II. PROPOSED MEASUREMENTS

(1)

(2)

(3)

(4)

The goals of this experiment are the following:

To determine the values (or upper limits) of the branching ratios of the following
decays:

(a) Ba — wtn~
(b) B4 —» K*K~
(c) B4 — pp

(d) B4 —» m*K¥F
(e) By —» wta~
(f) B, - KtK~
(8) B, — pp

(b) B, » 7= KT
(i) Ap — pr~

() Ap — pK~
(k) Ay — prt

(1) A - K+

None of these decays has been observed.

To search for B, and Aj.
Neither the B, nor the A; has been seen. This experiment could lead to the first

observation of these particles.

To measure the mass and lifetime of By, B, and A;.
The Si strip vertex detectors, necessary for rejecting the backgrounds originating from
the target, will determine the time evolution of various decays. We also expect excel-

lent mass resolution (¢ ~ 3 MeV at mass = 5 GeV) with the E605/E772 spectrometer.

To study the dynamics of b-quark production in hadron-hadron collisions.
We expect to measure the cross section and the zr and p; distributions of By pro-

duction in p+W collisions at 800 GeV.



2 Introduction

We propose to build a small, ~ 47 special purpose magnetic detector for the
Tevatron. See Fig. 1. The detector design has been optimized to identify prompt
electrons and secondary vertices coming from bottom quark decays. It has very good
mass resolution for charged decay modes which is necessary in discriminating bottom
from combinatorial backgrounds. It has no hadron calorimetry. Only modest particle
identification comes from dE/dX measurements. The main emphasis of this detector
is to:

(a) Detect the large bottom cross section at the Tevatron which in general is
isotropically produced and quite soft. See Fig. 2.

(b) Provide complete electron coverage down to p; ~ 1 GeV /¢ over +4 units of
pseudo-rapidity. The lepton spectrum is soft and peaks at p; ~ 1 GeV'/c.
See Fig. 3.

(c) Provide complete efficient triggering on electrons over the full solid angle
of the detector.

(d) Demonstrate the principle of tagging a large sample of bottom mesons in
a hadron collider environment using a vertex detector.

(e) Demonstrate the ability to count charged prongs from a secondary vertex.
This permits the reconstruction of charged exclusive decay modes with
very little background. Investigate the ability to identify tertiary vertices
(i.e. the vertex from bottom cascade to charm).

(f) Provide excellent rejection of pairs from gamma conversions.

2.1 Mixing/CP Violation

In the standard six-quark electroweak theory, the particle states to which the
weak intermediate vector bosons couple are mixtures of the physical particle states.
The charged weak current is given by

d
Jt = (u,e, )1 +~)U | s
b



where u, ¢, t are charge 2/3 quark fields and d,s,b are the -1/3 fields. The 3 x 3 unitary
matrix U is characterized by 3 Cabibbo-like mixing angles and a phase factor. This
parametrization is due to Kobayashi and Maskawa and is given by

Vud Vus Vub C1 81€C3 5183
U=\ Vg V., Vo | =| —sicz e1c2¢3 — 83836  ¢yc2¢3 + $2¢3¢€°
Via Vis Vo —58182 €182€3 + €233€”  c1Sp¢3 — cac3e’’
where s; = sinf; and ¢; = cosb; for ¢+ = 1,2,3. The V;;’s denote the coupling

of the quarks ¢;g;’s to the W™~ intermediate vector bosons. The unitarity of the
matrix prevents flavor changing neutral currents. The precise measurment of s; =
-0.011

0.2270 0.0104 COMES from comparing Ot — O*, nuclear 3 decay of O'* and AL*™

with u decay. However, until recently, values of the K-M angles s; and s3 could be
as large as 0.5. New knowledge of the angles s; and s3 comes from measurements of
the long B meson lifetime and the improved limit on R = T'(b — u)/T'(b — ¢). The
value of 7, = (1.11 £ 0.16) x 107'?s is longer than charmed hadron lifetimes despite
the enhancement expected in the rate of b decay from (m;/m,)°. This implies a very
small mixing angle to the second quark generation. The limits on R are presently best
determined from the shapes of lepton spectra from CLEO and CUSB groups. They
find R less than about 5% which says the b quark is almost completely decoupled
from the first generation of quarks. Together these measurements determine s; to
be very small and s; to be consistent with zero. The contour plot in the s; — s3
plane is shown in Fig. 4 for various top quark masses and B parameter values. (The
latter parametrizes the matrix element of the AS = 2 operator. B = 1 for vacuum
insertion. Most estimates of B are included in the range 0.2 to 1.5). In addition,
further constraints arise from a study of the CP-violating mixing parameter ¢,. The
box diagram of Fig. 5 gives the main short distance contribution to ¢,, and is thought
to be reliable. This leads to a contour in the s; — s3 plane for given B, m,, and 7, and
is seen in Fig. 4. Ginsparg et al argue the small s;53 determined from the 7, require
the top mass to be large. However uncertainties in the B parameter calculations
weaken this statement. This point is illustrated in Fig. 6. Experimental information
from UA1 regarding the top quark seems unclear and therefore does not provide a
mass window around the top quark.

The box diagram in Fig. 5 leads to B°B° mixing from either By or B,. The
amount of mixing depends on the ratio of the BB mixing amplituade AM and the
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total b decay width ;. The decay widths I'(B?) and I'(Bj) are similar but the mass
differences differ by a factor of (sind, ~ 0.23)?. The mass mixing in the B, system
is expected to be at most a few percent while in the B, system substantial mixing
is possible. For a given top quark mass and 7, fixed, the range of s; allowed is quste
narrow. As a measure of mixing we define

r(B,) = (B2 — lTvz)/T(B; — l"vz)

The value of 7(B,) could be as large as one. From the Mark-II a limit on this ratio
at PEP gives Tcontinuum < 0.12. This excludes full mixing in B, and by including
the amount of B, expected in the continuum at PEP energies, typically 0.15, the
theoretical value becomes r(B,) < 0.08, lower than the Mark-II limit. Mixing leads
to like sign dileptons and a convenient measure is

Ry(bb) = N** + N"7/N*™

Estimates of Ry(bb) range from 1073 — 0.02 for By to 0.12 — 0.75 for B,. The stated
range represents the uncertainties from the B parameter, where a larger B gives a
larger Ry;(bb). The prospects for observing mixing look good.

2.2 Measurement of b — u

In the standard six quark model the bottom quark can decay to either a charm
or up quark and a W~. The best determination of the K-M matrix element |V},|
has come from the study of the leptonic decay of the virtual W~. The CLEO group
has studied the momentum spectrum of leptons from B — Xlv. The CUSB group
studied just the electrons. The mass of the charm quark is m, = 1.8 GeV/¢* and
that of the up quark is m, = 0.33 GeV/c’. Therefore the shape of the electron
momentum spectrum from B — cev is softer than the B — uev. The end-points
are 2.35 and 2.55 GeV respectively. Experimently the decay spectrum is completely
consistent with only B — cev. The published 90%-confidence-level upper limit on
I'(b — ulv)/T(b — clv) of 4% by CLEO and 5.5% by CUSB. When combined with
the b lifetime expression

't~ GEm}[1927° [2.95Vay|* + 6.33|Vi[?]

this gives 'V, < 0.0051 and |V3| = 0.044 + .005. This says the b quark decouples
from the first two generations with the coupling to the first being extremely small
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though still consistent with other measurements and constraints on the K-M mixing
angles.

Recently, the model of Altarelli et al. being used to describe the end-point be-
haviour has encountered some problems. It has been suggested that the limits are
too stringent. The more reasonable limits are probably around 8%.

It has been pointed out that calculations of partial rates to the exclusive mode
B — p°e¢" v, permit the determination of |Vy,]|. This mode is about 1% of the total
b — u rate and is thought to be reliably calculated. It is this mode and B — p7
which we seek to measure in this experiment being proposed.

3 CP/Mixing Experimental Estimates

3.1 Mixing with Like Sign Dileptons

In the semileptonic decay of the b quark, b — e and b — &, the sign of the lepton
determines whether the parent is particle or antiparticle. The signal for mixing will
be the presence of like sign pairs. The mixing parameter is defined as

N*t + N°~
N+- + N-*+ + Nt+ + N-—

r=

Consider the experimental situation. We take the bottom cross section to be 25 ub
at 2 Tev. The acceptance times p; cut is ~ .9 per B meson. So the useable cross
section o,z is 25 x .81 ~ 20ub. For the electron trigger we fold in the branching ratio,
12%, the probability the p; of electron is > 2 GeV/c , and the impact parameter
requirement of 5 > 3 cuts ~ 50%. Therefore, the cross section for useable dielectrons
is about 8 nb. The track acceptance reduces this to about 5 nb assuming a possible
worst case of 10% loss on each track.

The running period of two weeks at a luminosity of 5 x 10*'em™%sec™! gives
80pb~! total integrated luminosity. This gives 4 x 10° di-electrons. The 2o limit
is then simply \/—% or ~ 0.003. The standard model prediction for the range of r is
0.01 - 0.2.

2

3.2 CP Violation with Dileptons

If CP is violated a slight preponderance of one species is expected. The asymmetry



parameter is
Nttt - N--
~ N+++ N--

Using the number of di-electrons calculated in the mixing section, and assuming
a standard model value of r between 0.01 — .2, we obtain a like sign sample of
6400 — 128,000 events. At the 20 level, this gives a best limit of .025 — .006. The
standard model is at the 1072 — 10™* level, but “new physics” scenarios do allow a
~ 1072, If we assume a high luminosity run of 5 x 1031em~2sec™! for 107 sec, then
limits are between .01 — .002, and this does begin to exclude the larger nonstandard
model predictions.

a

3.3 CP Violation with Exclusive Modes
The basic idea is to look for a difference between I'(B° — f) and I'(B° — f).

The exclusive decay asymmetry turns out to be .

I'(B° - f)-T(B° - f)
[(B° — f)+T(B°— J)

Al =

The experiment must discriminate between B° and B°. This means tagging the
bottom system on the other side with a lepton.

3.3.1 B — yK?®

This mode is popular because the signature is clean, and the B meson is completely
reconstructable. The expected value of the asymmetry A ~ 4 — 12%. Other factors
to fold in are the branching ratios of B — ¢ K? ~ 5 x 107*, ¢ — pu = 0.074 and
K, — mtr~ = .68. A conservative estimate of the trigger efficiency reduces this rate
by a factor of 0.02. Including a 50% efficiency for K, and 70% for ¥, the useful cross
section is 2 x 1073¢m?, and gives about 160 events in 80pb~! of integrated luminosity.
At the 20 level, the minimal A measurable is ~ 15%.

The transverse momentum spectrum of the y pairs from the 3 and the 7’s from
the K? averages about a few GeV/c. This is hard enough that a small sample of these
events would be reconstructed. A longer run, of 107sec would give ~ 960 events and
lower the minimal A measurable to 6%.



3.3.2 B,— D¢

This is an interesting mode that has a large asymmetry, ~ 60%, which does not
suffer from competing modes from B, with the opposite sign asymmetry. Consider
B, — D°¢ where D — K, 2% and ¢ — K K ~ 50% of the time. The B, is produced
~ 15% of the time and B, — D¢ has a branching ratio of about 2 x 107%. Including
the electron tag of 0.02 and a reasonable K identification probability of 50%, a useful
cross section of about 10~38¢m? gives about 1 event. It is clear a higher luminosity
run would be required to see this decay mode. The momentum versus rapidity is
shown in Figure 7 for kaons coming from D — K and ¢ — KK.

4 The B — pr and B — p’ev Estimates

4.1 B — pev

The B — pev decay mode has the advantage that it is large relative to the
overall b — u rate and that it is a mode this detector will trigger on. The obvious
disadvantage is that it does not reconstruct to the B meson mass and the pis a wide
resonance. The background and signal was studied in detail by Monte Carlo. The
events were generated using Isajet in the p, range 5-10 GeV/c. The branching ratio
of the exclusive mode B — pev X is about 107*.

In the analysis chain, the event is first tagged with an electron of pr > 2 GeV/c
and an impact parameter significance of 6 Jo > 3. The two charged prongs were
assumed to be identified cleanly. Both prongs were kept within £3 units of rapidity
to enable a momentum measurement and each must have a momentum > 1 GeV/c so
as to reduce multiple scattering effects. The major background comes from B — Dev
and D — K and the K — K| for example. The sum of the 2 prong decay modes
have a branching ratio of about 5.5%. Some additional cuts were:

— reject an event if K, — 77 is present.

— reject an event if detectable 3rd vertex is present.

Additional cuts required the mass of the two charged prongs to be consistent with a
p mass and if one prong was assumed to be a K, inconsistent with a D mass. The
above cuts result in a signal to noise of about 1:20. A simple kinematic cut requiring
the angle of one of the charged prongs relative to the B meson direction enhances
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the signal by 10:1. It is concluded that the noise to signal ratio is about 2-3:1. From
a data set taken in two weeks, 3000 events will be produced and 50 should survive
the analysis cuts. A longer run of 3 months would make the signal quite evident.

The above estimates demonstrate that interesting physics with bottom requires
many millions of events and collecting such a large sample is difficult to imagine at
any other accelerator than the Tevatron. It is important to note that a more powerful
detector would have trouble improving upon the above backgrounds the detection of
7°’s coming from the B meson is very difficult at the Tevatron.

4.2 B — pr

In B — pm, the decay of interest is the 3 charged prong mode that reconstructs to
the bottom mass. Unfortunately the branching ratio is the product of roughly 102
for the KM matrix elements and ~ 1073 for the rate relative to b — u. This must
now be combined with the trigger efficiency based on the single electron trigger. The
effective branching ratio is then less or equal to 3 x 1077. For the 3 month run at
a luminosity of 5 x 10%!, this is about 60 events produced and recorded. This rate
should be measurable.

The background for this decay mode has been studied briefly using a small sample
of Monte Carlo events. Bottom was generated with a p; between 1 and 20 GeV/c
and a rapidity between + 6 units. First, a momentum cut of 0.5 GeV/c is applied
to all charged tracks to reduce background effects from large multiple scatters. The
+ 3 rapidity cuts have been applied to all charged decay products. In addition a
track is assumed to be reconstructable only if its momentum is greater than 100
Mev/c. Now the remaining events with 3 charged prongs are analysed to see if they
produce a rho mass, which is defined to be 770+ 300 Mev/c. If a p mass is found, the
remaining prong is added to make a B meson mass. All tracks are assumed pions.
The momentum resolution is ép/p ~ \/(.()Olp)2 + (.008)%. Effects due to dip angle
are included in the mass calculation. A candidate B meson must fall within 400
Mev/c of the average B meson mass. These cuts leave about 77% of the B — px
events.

The background comes from sources of 3 charged prongs at the vertex. The frac-
tion of bottom decay modes which produce 3 charged prongs was estimated to be
4%. From a sample of 468 events produced, 149 pass the cuts up to the rho mass
requirement on 2 of the prongs. One event out in the tail falls into the B mass region.

11



Taking into account the 4% for the branching ratios, this implies 0.04 events in the
B meson mass region. Since the ratio of production is 10, the noise to signal ratio
is about 10:1. After including the kaon identification from dE/dX measurements,
and some kinematic constraints, a signal to noise of 1:1 seems attainable. The recon-
struction probabilities not mentioned above are assumed to effect noise and signal
equally. In addition the branching ratios for 3 prongs are just estimates and a more
detailed analysis would not change the general conclusion.

Therefore it is concluded that this decay mode could be identified with a detector
of this design.

5 General Description of the Detector

5.1 Introduction

The experimental design is driven by the need for a highly efficient detector which
triggers on bottom events and provides sufficient information to reconstruct them in
the complex environment of the Tevatron collider. The principle behind the design
of this detector is to maximize the ability to reconstruct primary and secondary
vertices as well as tag soft electrons from bottom decay over the full rapidity range
in which bottom is produced. In addition, the size of the detector is kept small so
as to minimize the cost and to allow easy installation into an existing intersection
region.

This goal is achieved by a solenoidal spectrometer located between two dipole
spectrometers. The chosen magnet geometry momentum analyses the charged tracks
optimally, minimizes the size of the overall detector by matching the geometry of
the detector volume to the laboratory angles of the tracks it is to encompass and
provides uniform tracking over the full rapidity range.

A critical design feature involves the design of the silicon vertex detectors. Here
it is believed that the combining of a central and forward piece, so necessary for
utilizing the full luminosity, does not reduce the effectiveness of either system. In
other words, the impact parameter resolution over the forward rapidity range is not
reduced by the presence of the central silicon barrels. Clearly a major design feature
is that the entire silicon vertex detector is inside the Tevatron vacuum vessel. This
is absolutly necessary for tracing the low momentum charged decay products of the
bottom mesons.

The principle for charged particle tracking is the same for both large and small
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APPPENDIX A
Backgrounds to P789 from D Decays

The backgrounds from the decays of a pair of D-mesons to fake a B — w7~ decay
have been studied in an earlier report.! However, only two-body and three-body decays of
Dt — D~ pairs have been considered. We have recently extended the Monte-Carlo codes
to include four-body decays as well as decays from D° — D°, D* — D° pairs. The results
of these calculations are presented in this note.

Table I lists the branching ratios for various decay channels of D-mesons we included in
the Monte-Carlo code. The three-body and four-body decays have branching ratios several
times greater than two-body decays. Furthermore, these branching ratios are weighted by
a large combinational factor which accounts for the fact that any of the pions in the decay
channels can participate in a “fake-B” pair. Table II lists the “effective branching ratios”
for a pair of D mesons to produce a pair of pions in various combinations of decay channels.
Table II shows that decay channels involving four bodies have significantly larger “effective
branching ratios” than the other channels.

Some details of the Monte-Carlo codes used in the simulation of D-meson decay back-
ground were given in Ref. 1. The code used in the present calculations includes the
following modification: (1) D mesons can decay to four-body final states with a momen-
tum distribution of the pion given by phase space. (2) The different lifetimes of charged
and neutral D mesons are taken into account. (3) The acceptance of the pion-pair in the
spectrometer is calculated in a more realistic fashion than in Ref. 1. The results of the
calculations are summarized in Table III which lists the probability for a pion-pair emitted
in various D-pair decay channels to resemble a real B-meson decay. The criteria for an
accepted pion-pair are (1) 5.3 GeV < mass < 5.305 GeV, (2) Z (vertex) > 5 mm, (3)
distance of closest approach between the two tracks is less than 100 pm, (4) both pions
are accepted by the P789 spectrometer. The efficiency of these various requirements in
rejecting the D-meson decay background is shown in Table IV. It is concluded that the
mass cut and the spectrometer acceptance cut provide the most powerful rejection of the
D-meson decay backgrounds. The extremely small spectrometer acceptance for the pion
pair can be understood from Fig. 1 which shows the angular distribution of the pion in
the rest frame of the di-pion system. In order to simulate a relatively heavy B-meson (5.3
GeV), the pion pairs in general consist of one pion with large longitudinal momentum and
another pion with low longitudinal momentum. In order words, the polar angles of the
pions with respect to the di-pion frame is strongly peaked at forward and backward direc-
tions. The acceptance of the P789 spectrometer, on the other hand, is centered around
90°. Therefore, the acceptance for the D-meson decay background is extremely small for
the P789 experiment.

To find out the relative importance of the D-meson decay background in P789 with
respect to the expected B-meson signals, we need to know the cross sections for D-meson
pair production. The cross sections have been measured? at 400 GeV to be: o(D*D~) =
2.5 £ 0.6pb, (DT D°) = ¢(D~D°) = 3.1 £ 0.55ub and o(D°D°) = 5.9 & 1.3ub. These
results imply that charged-D meson cross section is 11.2 ub. The measurements® at 800
GeV give 16.5 + 3.5ub as the charged D meson cross sections. We therefore scale the cross

1



section at 400 GeV by a factor of 16.5/11.2 to obtain the cross sections at 800 GeV for
various D-meson pairs. Table V lists all the quantities we take into account to calculate
the expected number of counts for the B — w7~ decays, the expected background from
D-pair decay is between 0.05 and 0.10. We therefore conclude that the D-meson decay
fackgrounds to not pose any problem for the experiment 789.
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APPENDIX B
Backgrounds to B° — #*r~ from K°K° — ntn~X Decays

We consider here a source of background which contributes to the measurement of
B° — mtx~ decays. Specifically, we consider the production of K°K®° pair followed by
the K, — 27 decays. The K+ K~ pair cross section d?c/dmdy at y=0 and 800 GeV beam
energy can be parametrized as ce~™/?-33G¢V  where ¢ = 6.0 x 1027 /Gev/nucleon. (This
represents the CFS cross section scaled down by a factor of 10 to agree with the CCOR
and preliminary E605 data as discussed in the main text.)

In the Monte-Carlo simulation, we assume that the K°K° pair is produced with a
Gaussian distribution in Xp (Xp= 0.0, o= 0.165) and a distribution in Pr as e~P7/7(<
Pr >= 2.4 GeV). The K°K° pair then decays isotropically into K°, K°, which subse-
quently decay into 77~ isotropically.

The result of the Monte-Carlo simulation is shown in Table I. The various cuts are
the following; Mass: 4.9 GeV< M(wr) <5.5 GeV, Zcut: 0.5cm < Z < 2¢m, R(closest)
cut:R < 0.1mm. Fig. 1 shows the K°K° mass distribution for the accepted events. A
striking feature is the large acceptance of the P789 spectrometer for such background. Fig.
2 shows the angular distribution of the pion with respect to the di-pion frame. Contrary to
the situation in the D-meson pair decays, the angular distribution is now nearly isotropic.
An additional way to reject the background is to require that the summed momentum of
the two pions point back to the target. By requiring |Ay| < 2.5mm, one gains an additional
rejection factor of 4. Table II shows the expected yields for the B — w+r signal and the
K°K° — wtx~X background. The signal to background ratio is 25 to 1. We conclude
that the K°K° background is more important than that from the D-meson pair decays,
but still much smaller than the expected signal.

Table I. Efficiency of various cuts for rejecting pion pairs from K°K° decay.

Mass cut Mass cut
Events Mass cut and Z > 5mm and accepted
thrown 4.9 <M < 5.5GeV and Z > 5mm and Yejose < 0.1mm by spectrometer

1 x 108 9945 1107 22 442




Table II. Expected Number of Events Accepted by Experiment P789.

B - xtx- xtx~ from K°K° decays

Interaction/pulse 1010 1010
Pulse/run 10% 10%
o production 9 nb 260 nb
A0-29 4.5 4.5
1/or 2.5 x 10~ 8ndp? 2.5 x 10~ %nb1
Effective B.R. 0.3 x5x10"5 0.235
Acceptance 2% x 35% 0.51 x 10~*
Total Events 100 4
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A New Method of Measuring sin?dw in Deep-Inelastic Scattering

R.H. Bernstein, F. Borcherding
Fermi National Accelerator La.boratoryt
Batavia, llinois 60510

Improved measurements of sin? f are of central importance to physics. The value of
sin? fw has now been determined in a variety of ways: the W and Z masses, atomic parity
violation, electroweak interference effects, and deep-inelastic lepton-nucleon scattering have
provided a consistent set of values of sin? fw but the errors are no better than a few percent.
As we progress in testing the Standard Model we must measure sin? w in as many processes
as possible: each channel measures a different function of sin? fy and examines different
physics, making improved measurements a natural way to search for new phenomena. A
determination of sin? fw from the W and Z masses “defines” sin® fw;' probing radiative
corrections, for example, requires a measurement in a different reaction. Amaldi et al.[1]
provide a compelling argument for improved experiments:

Our motivations for this study are to test the standard model at the level of
radiative corrections, to extract as accurate a value of sin? y as possible for
comparison with grand unified theories, supersymmetry, etc., and to search for
indications of (or set limits on) such new physics as additional Z bosons, heavy
fermions, or nonstandard Higgs representations.

At present, the most precise value of sin? f comes from deep-inelastic v, N scattering
experiments and comparisons are limited by the errors on other processes. However, within
the next several years the W and Z masses will be determined at the colliders to ~ 0.1%,
HERA will begin operation, and the atomic parity violation measurements will continue to
improve. In a short time, the », N measurements will have the largest errors and limit the
search for new physics.

tOpel:ated by Universities Research Association Inc. under contract with the United States Department
of Energy. :
UThis is the Sirlin renormalization scheme, which defines sin? f = 1 — Mw3/Mz?. See [1].



We give a brief example of the physics reach of an improved measurement. The radiative
correction parameter Ar is defined through:

Mw = sin fw (1 — Ar)1/2 (1)
My
Mz cos fw (2)

where Ao = (ra/v/2Gr)Y/? = 37.281 GeV. The value of Ar is predicted[1] to be 0.0713 +
0.0013 for m; = 45GeV and mg = 100GeV. The value of Ar, and the error, are func-
tions of m,, mg, and other assumptions and hence a precise value of Ar can be used to
constrain new physics and search for inconsistencies. A measurement of My /M7 alone can
“absorb” Ar into a definition of sin® fw; hence a comparison to another process is neces-
sary. (Even the ezistence of the radiative corrections is not overwhelmingly established; the
significance of the measurements depends critically upon the error analysis of the experi-
ments and of their common theoretical uncertainties: Amaldi et al. estimates 3 but that
has been challenged[2].) The current error on the measured Ar is dominated by the error in
Myw. Using the Particle Data Book value for My and simple error propagation we find an
error of +0.037 on Ar; the error from sin? §y is only 0.012, and when added in quadrature
this error is negligible. Consider, however, the situation in a few years when the W and Z
masses are known an order-of-magnitude better: at that time the error from sin? #y will
dominate. Without an improved measurement, the error from sin? fy will be of the same
size as the theoretical error and provide few constraints. It will also be true that the precise
size and reliability of the error will significant in the ability to test the theory. In Section
B we will discuss the existing measurements of sin? 8y in v, N scattering and see that there
is considerable uncertainty in the treatment of several systematic errors; whether one adds
statistical and systematic errors linearly or in quadrature will strongly change the amount
and nature of the physics that can be extracted. The precise size of the errors on sin? 8y,
now not a critical input to the Standard Model, will be in just a few years. Furthermore,
one cannot argue that other experiments will supplant the DIS measurements: each process,
such as v, N or v,e scattering, has a different dependence on the parameters and so only an
ensemble of high-precision experiments can sort out the contributions from different physics.

This Letter-of-Intent discusses a new method of determining sin? §w in deep-inelastic
scattering in a tagged-neutrino beam with an error of ~ +0.004; with future fixed-target
upgrades at FNAL, the method could reduce the error to as little as & (0.002 — 0.003). We
state the relevant properties of the tagged line in Section A. In Section B, we briefly cover
old results, concentrating on the systematic errors in previous DIS determinations of sin? fy.
Section C sketches the neutrino detector and states the necessary statistical power. Section
D explains the principles of this measurement and discusses the systematic errors. The final



Section compares this experiment to current data and future plans.

A. The Tagged-Neutrino Line

The tagged line uses a beam of K and the semileptonic decays K; — wpv, and K —
Tev, to produce a beam of v, v, and their antiparticles. A tagging spectrometer reconstructs
the charges, momenta and species of the hadron and lepton from the K decay. We then
know whether the neutrino is a », or v, and can distinguish neutrino from antineutrino.
We can also use the momenta as measured in the tagging spectrometer to calculate the
momentum vector of the neutrino. This provides an energy determination with o/E =~ 7%
and a prediction of the impact point in the neutrino detector of about 10 cm. This paper
concentrates on the use of the tagging scheme in a determination of sin? fw; details of
a particular neutrino-tagging scheme have been presented in Fermilab Proposal P-788.[3]
Fig. 1 is a schematic of the tagging spectrometer. We show a = and p passing through
the spectrometer. It contains drift chambers for tracking the hadron and lepton, and a
large aperture (2.5 m) dipole with a pr kick of 0.5 GeV/c for momentum analysis. Particle
identification is accomplished in two stages: a TRD separates electrons from =’s and p’s and
a Fe filter folowed by scintillator is used to identify muons. The errors in the determination
of neutrino species were carefully studied in P-788. That proposal emphasized searches for
neutrino oscillations, where correct identification is critical. That analysis calculated the
level of confusion between v, and v, to be < 5 events (scaled upwards to the data sample of
this Letter-of-Intent). The number of particle/antiparticle misidentifications, although not
calculated in the Proposal, will be discussed in Section D. The resultant error in sin? fy will
be more than an order-of-magnitude smaller than the statistical error.

P-788 used the CCFR detector[4] as a model; here we will continue to use a high-density
Fe detector, but believe a CDHS style of detector{5] is a more appropriate model for reasons
we will describe. We have not attempted to perform a simulation of the neutrino detector
with expected resolutions; rather, for this Letter-of-Intent, we have used measured resolutions
and our knowledge of previous analyses in the CCFR and CDHS detectors to estimate
backgrounds and systematic errors.

B. Old Methods of Measuring sin?6w in DIS [6]

Previous DIS measurements of sin? fy have used the Llewllyn-Smith relations R, and

R;:

da_vN
Iy

M -
do dy

R, =
I =%

o [% —sin? 0w + g sin* (1 + 1')] (3)
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N
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These expressions apply for an isoscalar target with no strange quarks. The magnitude
and z and Q? dependence of the strange sea contributes a significant theoretical error and
must be included in an accurate determination.

A plot of R, vs. R, as a function of sin? fy appears in Fig. 2. We see that for values of
sin® fw = 0.23, Rj; is insensitive to the Weinberg angle and all the information about sin? fw
is contained in R,. Further, the charged-current denominator provides no information about
sin? §w. It serves only as a normalization: without it, we would have to determine the
absolute cross-section for v, N neutral-current scattering. The use of the charged-current
normalization carries a price: the differences in charged- and neutral-current scattering cross-
sections are responsible for a large theoretical error of order 2.5% and for an experimental
systematic error of equal magnitude. The total theoretical error on sin? f = 0.233 is +0.0054
(from Amaldi et al.)

What are these differences, and, more generally, what are the systematic errors in deter-
mining sin? fw through R,?[2] They arise from three sources. The first, and most difficult to
calculate, arise from the production of charm from s and d quarks. This “flavor-changing”
channel is not available for neutral-current interactions. The cross-section for the excitation
of charm is not well-known but has been modeled through “slow-rescaling,” which makes
the replacement:

z—=§ = =2(1+ Q’) (6)



where z is the momentum fraction carried by the struck quark and m, is now a phenomeno-
logical parameter. A value of m. = 1.5 GeV/c? is a natural choice but is not well-constrained
by experiment or dictated by theory. The data on slow-rescaling come from opposite-sign
dimuon production, where the produced charmed quark decays semileptonically into a .
Even if the slow-rescaling ansatz were known to be correct, the extraction of m. from
opposite-sign dimuon data contains potential errors: one concern is that the branching frac-
tion ¢ — p has some energy variation, most pronounced at low energy (as pointed out by
Amaldi et al.) and another is that the slow-rescaling function varies steeply with Q?, mak-
ing resolution effects important. The best estimate from dimuon production in CCFR[7] is
m, = 1.2302 GeV/c®. The experimental groups have used varying estimates of m.: CCFR
used m, = 1.5+0.4 GeV/c* and CDHS quotes a value for 1.5+ 0.3 GeV/c? but also chooses
to provide a value of sin? fy as a function of m.. Amaldi et al., which we use as a benchmark,
used 1.5+ 0.3 GeV/c? in their estimate of the error, leading to an error of +0.004 on sin? fy.
The errors from slow-rescaling are uncertain: the experimental evidence is not precise and
the theory is not settled.

Furthermore, the size and shape of the strange sea also play a role, along with uncertainty
in the Kobayashi-Maskawa-Cabibbo angles? and a variety of QCD effects. The sum of all
such errors is an additional £0.0037 (again from Amaldi et al.), almost 2% once more. Hence
while the value of m, in the slow-rescaling parameterization is the single largest error, other
errors which arise in the neutral-current to charged-current ratio add up to an approximately
equal error. It will be difficult, if not impossible, for the standard methods to significantly
reduce the error on sin? Oy .

The third source of error is misidentification of charged-current as neutral-current events.
If the p in a charged-current event escapes detection (by either ranging out inside the
hadronic shower or exiting the detector before it can be identified) the event will be classified
as a neutral-current interaction, and any error in the classification is a direct correction to
R,. In the two high-Z detectors, CDHS and CCFR, no tracking has been used to identify
muons because the absolute reconstruction efficiency is hard to determine to the necessary
1% precision. Instead, the length of the event as determined by scintillation counters has
been used. Hadronic showers die out after a few meters of steel, but the muon will continue,

firing scintillation counters far downstream of the shower’s end. The distribution of event
length in CCFR is shown in Fig. 3.

We see that a subtraction of order 20% must be performed for muons which fall under
the shower peak. These muons arise from two (approximately equal) sources: first, muons

2The quoted errors usually assume three fermion families; for more than three, Amaldi et al. quote
Asin? O = 12:99% a significant source of error.



which range out within the hadronic shower, and second, wide-angle muons which exit the
spectrometer before they can be analyzed. The charged-current subtraction is then sensitive
to the z distributions, since z and the muon angle are related:

2 _ 2mN:c(E,,-—E,,)
% = E,E, ()

CCFR used the E, vs. r correlation in their dichromatic run to cut on y,2 reducing the error
by a factor of two (but also cutting the event sample by ~ 50%). However, the final error
was still 0.006 on a 5% subtraction after the cut. CDHS cut on an energy-dependent event
length and quotes a slightly smaller error of +0.004 with an average 20% subtraction.? In
any case, the error is again of order 2.5% of sin? fw for either experiment.

C. Apparatus and Statistical Errors

In the next Section, we will see that the antineutrino neutral-current cross-section is the
statistically-limiting channel and in order to achieve a 1-2% determination of sin? fy we will
need > 20K events. For our estimates we have used a 900 GeV primary proton beam with
3.0 x 108 pot at the Tevatron. A fixed-target energy of 1.2 TeV instead of 900 GeV would
provide an additional doubling of statistics, equally divided between an improved acceptance
and the increased neutrino cross-section. It would also make charged-current muons more
energetic and less likely to be missed by a detector. Hence a fixed-target upgrade would only
improve the measurement. Table 1 shows the expected event sample in each category.

Vyu vy
CC | 218K | 92K
NC| 68K | 20K

Table 1. Statistical Power in Various Interaction Channels.

Previous detectors, such as CCFR (690 tons of Fe) or CDHS (1250 tons) would only
provide a &~ 3% measurement. In order to further reduce the statistical errors, we are
proposing a detector with three times the mass of CDHS, or 3500 tons. Obviously a detector
with three times the mass of the CDHS detector is a large undertaking. However, the
device need not be as complicated. The tracking is far less important for cross-section,

3An effective cut of y < 0.7.

4The CDHS data is based on two runs.[8] The first has an 18% charged-current subtraction and is based
on a run with 200 GeV secondary beam energy; the second, with a 22% subtraction, is based on a 160 GeV
run.



oscillation, and sin? fy measurements (the overall goals of the tagged-neutrino program)®
than it was for the structure function and dimuon measurements of previous high-energy
neutrino programs. The simplest idea would be to make a long detector with perhaps half
the tracking planes but the same number of scintillator planes per interaction length of
previous Fe-target detectors. The target will be 60 meters long (an 11 ft diameter is good
for both acceptance and shower containment) and so acceptance for muons in a downstream
toroid will be poor. A magnetized target, like CDHS, would be best, as opposed to the
simpler CCFR apparatus. With the outline of a detector in mind, we can now study this
measurement.

D. A Measurement of sin?fw in the Tagged-Line

The tagged neutrino scheme does not need the charged-current flux normalization. We
propose to measure

%qu | lo® + (1 - 9]+ [on® + 9021 - ) ()

R,(y) = vN — A (8)
dokC  [gu? + 9m7(1 — v} + lon? + 051 — )7 (§)
where
g = e(u)+e(d)P? = % — sin? Ow + g-sin4 Ow (9)
gr® = er(u)® + er(d)? = gsin‘ Ow (10)
€, = T.-3 - sin’ 0wQ, (11)
€r = —sin? 0w Q; ) (12)

where we have substituted the values of T (3" component of weak isospin) and the quark
charge Q; for the individual species. Q and Q are the quark and antiquark structure functions
evaluated at a specific y; for any species Q, Q = [f zQ(z, ¢*) dz dg?.

This new ratio R’ only depends on neutral-current scattering. There are no approxima-
tions for strange-sea content or isoscalarity, unlike Eqs. (1) and (2). The direct measurement
of this ratio is possible because of the tagging scheme with the neutral K; beam. In the
dichromatic beams where charged 7’s and K’s produce the neutrinos, the beam must be

5The tagging scheme can also open new regions for neutrino oscillation searches (discussed in P-788).
We expect a factor of 100 improvement in the ¥, — v, oscillation limits at small sin?@,,, probing to
m,, &~ 10eV/c? and an order-of-magnitude improvement in the limits on wrong-sign muon production to 5
x 10-5,



either positively or negatively charged and the positive runs and negative runs are sep-
arate; the normalization of neutral-current neutrinos to neutral-current antineutrinos will
then have flux-monitoring errors of at least 3 — 5%.%6 In the K, tagged beam, we produce
v and 7 simultaneously in equal numbers” and the tagger allows us to distinguish v from
event-by-event.

A systematic error in v, /7, separation would certainly affect the ratio and therefore
must be controlled and understood. Recall that the tagger uses a dipole spectrometer to
separate ut from p~ and therefore v, from 7,. Errors will then occur only for events where
the tagger incorrectly identifies the charge of the lepton. Multiple scattering and chamber
resolution effects will provide fewer than one misclassified event; the source would then be
combinations of extra hits and inefficiencies creating spurious tracks. Here, the tagging
scheme provides two methods to attack the problem. First, the K reconstruction from the
tagger will give us a prediction of the neutrino impact point in the neutrino detector, with
o ~ 10 cm. A spurious track will lead to a misreconstructed K and a disagreement with the
observed neutrino (note that we cannot use the energy determination for the neutral-current
analysis because of the missing »,) and we would then cut the event. Second, the charged-
current data provides a measurement of the effect: a misclassification in charged-currents
would have (for example) a p~ in the tagger and another u~ produced in the neutrino
interaction. The size of the effect could then be determined as a function of analysis cuts
in the charged-current sample. A study in the P-788 simulation tells us a factor of fifty
suppression from cuts is likely; 5% of the events would have to be misclassified to produce
an error of 0.001 in sin? @y after reconstruction cuts and then there would be 15K events®
for study in the charged-current data. If we assume the size of the effect could be determined
to 20% of itself, a 5% misclassification would result in an error a factor of twenty smaller
than the statistical error (We also regard 5% misclassification to be a large overestimate.
With three or more chambers upstream and downstream of the dipole, such spurious tracks
would be eliminated in the normal course of track reconstruction and x? cuts.) Acceptance
asymmetries in the tagger could be studied in the same way; these problems have been
attacked in K experiments in the past and many of the same techniques could be used.®

8Flux-monitoring uncertainties have been the limitation in the neutrino cross-section errors. For a dis-
cussion of the techniques and potential errors, see [9)].

TExcept for the small C P-violation correction.

8We know the limit on wrong-sign muon production|10] is 10~* and so any excess over a few tens of
events must be due to misclassification.

9 Although this experiment differs from the K, program at Fermilab, which used the double-beam method,
many of the same techniques can still be applied (for example, reversing the polarity of the dipole on a regular
basis will greatly reduce any such effect.) See W.R. Molson [11] or R.H. Bernstein [12] for details on two
different Ky experiments.



We define R' to be the integral of R'(y) over y; then Fig. 4 shows R’ as a function of
sin? 8w .1 We note that in the Llewllyn-Smith approximation,

' &) _ gr® + gi’r
B o= o) = e (13)
Since R; is insensitive to sin? @y, we see that the dependence of R’ on sin? fy is the same
as the dependence of R,. In the region sin’fy = 0.25, dR’/d(sin? fw) = 0.845 and so
A(sin® w) = 1.2AR'. In our calculation of the errors on R’ we have used parameterizations
of the structure functions along with measured distributions for the magnitude and shape of
the u, d, and s sea from CCFR and calculated R’ from the first-order diagrams.

Recall the sources of the theoretical errors in the determinations of sin? fy from R,:
charm-production, f¢, and sea effects. The first two vanish in R’ since there is no excitation
of charm (except from excitation of the charm sea, which is small) and no dependence on
the Cabibbo angle. The ratio s/d = 0.53 & 0.14[7] and s/d = 0.06 + 0.015. The values are
important in R, because of the production of charm from s and d and because the d-quark
mixing is suppressed by sin? ¢, making the small amount of s important. In neutral-current
scattering, there i8 no 8¢ suppression and charm production from s or d is forbidden.

The primary theoretical difficulty in the analysis of R’ is the value of Q/Q. We see from
Eq. (5) that the ratio is sensitive to the value of Q/Q; physically, the antineutrino numerator
and the neutrino denominator reverse the roles of @ and Q. The Amaldi et al. value is
(U + D)/(U + D) = 0.125 £ 0.020; CCFR. measures{13] Q/Q = 0.175 + 0.012 and this error
would produce a 8% error in sin’? fw. Hence we must find some way to measure Q/Q within
the experiment. The tagged line provides two statistically independent determinations: one
from the neutral-current data and one from the charged.

Let us first consider the neutral-current analysis. In any y-bin, we have a measured ratio
of differential cross-sections and we know y from the measured shower energy (CCFR has
a resolution of o = 0.8\/E)a.nd the tagger determination of E,. The value of Q/Q is a
constant independent of y up to scaling violations. We may then fit for sin? 0y and Q/Q
simultaneously within the data, and the internal calculation is then practically independent
of Z[/A, Aqcp, etc. Scaling violations may then be applied to the well-constrained value of
@Q/Q. However, using the neutral-current data has two disadvantages: the statistical power
of the determination is limited and a two-parameter fit will increase the error on the other
unknown, sin? Oy .

The charged-current sample may be used to determine Q/Q as well. There is a small
dependence on slow-rescaling here. If we write r in terms of the quark distributions we find:

10Here the effect of the strange sea, scaling violations, etc. have all been included.



(neglecting the charm-sea content)

ce
P

_%U + (cos? 8¢ + €. sin® 8c) D + (sin? ¢ + €. cos? 8¢c)S (14)
23U + (cos? 8¢ + €. sin? 0c) D + (sin? 8¢ + & cos? 8¢c)S

Vp

where £, is an operator!! on the quark distributions that describes slow-rescaling. If ¢, were
unity, then for an isoscalar target we would find Q/Q directly from Eq. (9) above. We may
rewrite the ratio, solving for Q/Q in a more transparent form?!?:

r—
1-—

(211

(15)

Q|

Wims

r

The value of r we measure will be affected by slow-rescaling by an amount
Ae ~ (1= <& >) (16)

< § > is an “effective” slow-rescaling function and the term A, describes the difference
between full-strength d,s — ¢ coupling and the actual coupling. We may use our measured
value of » and correct it for slow-rescaling effects; r is only weakly dependent on m, since
more than half of the slow-rescaling effects cancel between the antineutrino numerator and
neutrino denominator, and the induced error in Q/Q is small for the same reason: A(Q/Q) =
1.2Ar. The size of A, and its error are also dependent on the neutrino energy spectrum;
for sufficiently large energy, there is no penalty for making the heavy c-quark. Our energy
spectrum is slightly harder than those of CCFR or the CDHS experiments, which helps
reduce the error. For our particular spectrum within the slow-rescaling model we find varying
m, = 1.5 & 0.5 yields an error of +0.0015 in sin? fy,. This variation is almost twice as big
as the standard m. = 1.5 £+ 0.3 of Amaldi et al. yet produces an error down by a factor
of nearly three. We will have = 300K charged-current events with E, from the tagger and
a momentum-analyzed muon, making the statistical error on Q/Q only +0.0018 and the
resultant error on sin? fy only +0.0020. A precise determination of Q/Q is an important
measurement on its own, since it tells us about the sea content of the nucleon; we will reduce
the existing error on @/Q by approximately a factor of three.!?

Returning to the extraction of sin? -, the error from Q/Q is +0.008 for the determi-
nations where p? and sin? fw are allowed to float and this measurement will reduce the old

g =ff(1—-y+ ?){q.-(f)O(f — 1)dz dy and g; refers to the individual quarks. { is defined in Eq. (4).

!2We have made a number of simplifying assumptions in deriving this form. The expression for Q/Q in
Eq. (10) assumes an isoscalar target and no strange sea. We have also integrated over y and set cos?6c = 1
for simplicity. The numerical results quoted later do not make these approximations.

13The quoted error on Q/Q is for the application to the neutral-current data; the error on Q/Q as an
absolute quantity independent of experiment involves scaling violation, etc. and is probably twice as big.
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two-parameter fit errors significantly. The reason for the large error is again in part from
flux normalization: determining the sea content from pure v, data without the normalized
v, sample forces reliance on calculations of the structure functions instead of a measurement
based on the data. The K, beam and the event-by-event prediction of E, allow us to avoid
these difficulties: if we measure Q/Q in the charged-current data with specific y-cuts, and
apply the same cuts to the neutral-current data, we will have measured Q/Q for our data
sample including scaling violation. The reliance on a Monte Carlo is greatly reduced; we
would use it in Q/Q to calculate the effect of cuts instead of calculating §/Q itself. We may
systematically study the y-cuts in the charged-current data since there we have two ways of
determining y for each event: first, from y =1 — E,/E, and second from y = Ej.q/E,.

Although the error introduced from slow-rescaling is small (x 0.5% of sin? fw) it would
increase confidence in any result to have independent cross-checks. The K, tagging scheme
allows us to measure other functions of the cross-sections which will reduce the error as well.
The Paschos-Wolfenstein relation[14]

o, — ot
R- —— a;: = p’(-;- — sin? fw) (17)
Y (]

provides a large reduction in the slow-rescaling errors; we see from Eq. (9) above that the
strange-sea effects vanish when the difference is formed, leaving only (dy sin? ¢ )¢.. Numer-
ically this reduces the slow-rescaling error by a factor of two (dy sin? 8¢ ~ scos? 8¢ so the
size of the slow-rescaling correction is reduced accordingly) relative to R,. In the absence
of m, effects, the Paschos-Wolfenstein test is almost independent of any details of the struc-
ture functions; both numerator and denominator contain the same combination of structure
functions: (d — d) (for an isoscalar target), which then cancels in forming the ratio. R~ is
then independent of Q/Q, unlike R'. The statistical error on sin? y from the R~ determi-
nation will be only +0.0025, about 1%, better than that of R'. R~ has two disadvantages
when compared to R'. First, it has a larger dependence on slow-rescaling effects. Second,
since R~ uses a comparison between neutral and charged currents, it has a substantial error
from charged-current to neutral-current cross-talk. The advantage of K tagging we wish
to stress is that the four precisely determined cross-sections may be combined in several
different ways, each with different systematic errors and each with different dependences on
sin? fr. We stress R’ in this letter because it seems the most promising but there are a
variety of other systematic controls which have been previously unavailable.

Let us next compare the errors in R, and R’ from charged-current to neutral-current
cross-talk. In R, we saw the correction was of order 20%; the precise size of the correction
depends on the neutrino energy and detector. However, there is a critical difference between
R, and R’ in the nature of the correction. R, is a neutral-current to charged-current ratio;
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hence any error is a direct correction to the ratio. In R’ cross-talk from charged-current
events affect both numerator and denominator and thus tends to cancel. The cancellation is
not precise because ¥ N scattering has a flat distribution in y while 7N interactions follow
(1 — y)*. The P-788 simulation at 900 GeV/c predicts an average E, of ~ 70 GeV; if we
assume muons with p, < 5 GeV/c are missed, we find a correction in the numerator of 5%
and in the v denominator a correction of 12%. The actual corrections are about twice as big
(22% for the v, correction in CCFR and 18% in CDHS) because of wide-angle muons which
escape out the side of the detector. The increase in numerator and denominator are then
about 11% and 18% respectively. The ratio is thus only affected by 7%, about 1/3 of the
previous correction. Here, a calculation of structure functions and the z distributions will be
required in the subtraction and we will use the more-conservative CCFR analysis and errors
scaled downward for the smaller correction.

We hope to improve the error further by using the features of the K tagged beam. We
need to understand the ratio of charged-current ¥, N to 7, N scattering over a small range
in y near y = 1 and proceed with the same method as in the analysis of R’ but in the
charged-current data instead. We write the differential cross-sections schematically as:

vN
dﬂ' cC

e = Q)+ (1~ 1o (18)
S = Q)+ (- 1PQe ) (19)

where Q(z,¢*) and Q(z,¢*) are the quark and antiquark structure functions. We are inter-
ested in the error on this ratio near y = 1. We may measure the Q and @ structure functions
at small y (recall that the tagging scheme provides us with a 7% measurement of E, and we
may then measure y,;,) and use them to extrapolate into the high-y region. Since we have
both v, and 7, data we can measure the Q@ and @ contents separately and the extrapola-
tion will be constrained by the data; of course, scaling violation and quasi-elastic scatters
are important near y = 0; previous analyses (Auchincloss[9]) of the cross-sections excluded
events with y < 0.05. A detailed calculation will be necessary to determine whether the
method is sufficiently accurate. A further possibility for reducing the error comes from the
nature of B’. CDHS and CCFR never used tracking since errors in the muon reconstruction
efficiency do not cancel in R,; certainly for high-y the errors are worst. In R’ the errors
tend to cancel. If we cut on visible wide-angle muons we would reduce the correction by
a factor of two; then the error would arise from the errors in the calculated differences in
the v, and 7, distributions in #,. Again, only a detailed analysis will determine whether
such a method is viable, but this argument shows that the tagging scheme has significant
systematic advantages over previous experiments.
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A better-understood and reliable tool in eliminating the charged-current to neutral-
current cross-talk comes from the tagger: using the momentum prediction from the re-
constructed K, we may make a cut in y from E,,/E, and reduce the background by at
least a factor of two, as in the CCFR analysis. However, with the energy resolution on E,
from the tagger is better than that available in the dichromatic beam. The cut will remove
at most 20% of the v, data instead of half (as in E-616) , and at most a few percent of the
D, sample. Since the statistical power is dominated by the 7, data, the effect of the y-cut
on the statistical error will be small; for a y-cut of 0.85, the error will only increase by 3%
of itself.

Summarizing, (1) the level of the correction should be 1/3 as small as the CCFR or
CDHS subtractions, since we have an extra cancellation in the purely neutral-current ratio,
(2) the level of the correction may be set in exactly the same way as CCFR or CDHS and
there is no reason to believe that a new experiment could not achieve a similar level of
precision, (3) the error on the correction is reduced since the quark structure functions in
the extrapolated region will have been measured in the same experiment, and (4) a y cut
can be used to reduce the background to a further, negligible fraction with only a small loss
in the data. We point out that before a y cut, the more-conservative error analysis of CCFR
would produce an error in sin? fy of +0.003 in the R’ determination. A calculation from
the measured y-distributions indicates a y-cut of y < 0.85 will make residual errors from the
muon subtraction less than 0.5% of sin? fy.

This analysis of errors is far from complete: we have not attempted to calculate a variety
of effects. For example, the y,;, distribution is different in charged-current and neutral-
current events because we subtract the muon energy deposit in the charged-current data
alone. We have not studied the effect of scaling violation and quasi-elastics on our determi-
nation of the structure-functions or calculated the momentum resolution on muons. Instead
we have assumed we could do as well as the two similar detectors have done in the past
and with that knowledge, searched for what we expect will be the limiting difficulties in
a more precise determination. With the above arguments, we expect residual errors from
theory and muon subtraction to be dominated by the error in Q/Q, contributing an error of
+0.0020(stat) to sin? fw. Varying m. = 1.5 + 0.5 changes sin® 8y by +0.0015; the standard
Amaldi et al. value of 1.5 3= 0.3 would produce an error of only +0.0009.

It is important to point out that the systematic cleanliness of the tagging method at
this level of statistical accuracy provides a broad range of input to the Standard Model
which has been previously unavailable. It will enable us to measure o,, and o5, for both
charged- and neutral-current events with only small errors from flux normalization. The
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cross-sections will be determined to ~ 1-2%.1* We also note that R’ itself is insensitive to
radiative corrections since it contains only neutral-current cross-sections, providing a direct
comparison of v, N scattering at Q% of =~ 10 GeV? to the collider results. Using the precisely
determined cross-sections, we would then use all the standard ratios (such as R,,R~) to
perform fits to radiative corrections, p?, etc.[15]

E. Conclusions

The Amaldi et al. world average for sin? fy from R, with p? = 1 fixed is (experimental
error followed by theoretical):

sin? 0w = 0.233 £+ 0.0033 + 0.0054. (20)

It is important to note that the determination of sin? fy from R, actually comes from a
simultaneous fit to p? and sin’ O, as is clear from Eq. (1). Unlike R,, R’ is independent
of p? since it cancels in forming a purely neutral-current ratio. Given that a precision
measurement of sin’ fy is largely motivated by searching for deviations from the Standard

Model,'® it is perhaps more appropriate to quote errors based on allowing p? to float. In
that case, Amaldi et al. find a best fit of

sin? fw = 0.232 £+ 0.014 % 0.008. (21)

In contrast, the planned experiment at 900 GeV would provide a statistical error of 1.6%
and would find (statistical errors on R' and Q/Q added in quadrature; it is followed by the
systematic error for m, = 1.5 £ 0.3, and our estimated upper limits on the systematic error
in @/Q and the muon subtraction):

8(sin? ) = =0.0040 % 0.0009 + 0.0005 =+ 0.0005. (22)

With fixed-target upgrades to higher energy we may hope for an improved statistical error
and lowered systematic error; an eventual error of 4-0.002 — 0.003 should be achievable, since
increased energy and increased statistical power will enable us to make cuts to reduce the

14The statistical power for the various channels will be better than 1%. We form the cross-section in two
steps: first, only accept events in which the tagger predicts the neutrino passed through the detector, and
second, form the ratio of neutrinos that interact to the number passing through. The systematic error on
the quality of the prediction will then limit the cross-section determination. This systematic error would
cancel in a ratio between cross-sections. Neutral-current to charged-current ratios will have an error from
the cross-talk correction which both CCFR and CDHS have measured with AR, /R, ~ 1%.

15The CHARM II [16] measurement of sin? 6w from o(v,e)/o(P,e) is expected to determine sin? Gy to
£0.005 in the purely leptonic process. LCD proposes[17] to measure sin? fw at low Q2 to +0.002 in v,e
scattering at LAMPF. A precise comparison of sin? 6y measured leptonically to a measurement with quarks
would be invaluable,
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size of the muon subtraction and residual slow-rescaling corrections. The error quoted here
is calculated using only the R’ analysis; as we have pointed out, there are other ways of
analyzing the data that can certainly be used to attack both the statistical and systematic
errors. ‘

The precise results for sin? f so obtained could then be applied to constrain the value
of p?, from either this experiment or the sum of previous DIS experiments. For the two-
parameter fit, the R’ errors provide a factor of five improvement in the sin? w error. In
either case, the method provides a unique, precision DIS measurement of sin? y largely
free of slow-rescaling and other QCD corrections. Such a measurement is a critical part
of a continuing program of detailed exploration of the Standard Model and is a logical
continuation of neutrino physics at Fermilab into the 1990’s.
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Fig. 1. A schematic of the Tagged-Neutrino Spectrometer and Neutrino Detector (not drawn
to scale). A Ky, — 7~ ptv, decay is pictured. The 7 and p pass through drift chambers
and a dipole which measure their momenta and determine the K decay point. They next
pass through a TRD (useful for Ke3; decays) and then into 2 muon filter. The 7 is absorbed
and the p continues downstream, first firing a bank of scintillators and then passing into a

beam-dump. The v, (dotted line) interacts in a neutrino detector downstream and a p~ is
observed in a charged-current interaction.

drift chambers
p filter

dipole TRD beam dump v detector
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ITI. Rates and Acceptances

In this section we explicitly calculate the rates of v-interactions expected in the experi-
ment and the rates from interactions of neutrons and Ky, in the beam; it is an amplification
of the information outlined in earlier sections. We request 2.3 x 108 protons, or 46 weeks of

perfect beam time at 5 x 10!? protons per pulse in a 20 sec spill.

As stated earlier, we use the Malensek parameterization for Kz, production; a comparison
of the predicted spectrum to the E731 spectrum is given in Fig. 10;** the normalization is
good to 20%. For neutrons, we use data from the ISR,? and for A° production we use a
parameterization from the Fermilab hyperon experiments.?® Figs. 11-14 show flux maps
for neutrons, A%, produced Ky and decaying K, into bins of 0.5 x 0.5 mr. The advantage
of large targeting angle in the n/K ratio is clear: the neutron flux drops by two orders-of-
magnitude from 0 to 5 mr while the K flux decreases by only a factor of two. However,
choosing a large targeting angle has disadvantages as well: the K are at lower energy and
(1) the hadron and lepton are produced at larger opening angle in the lab frame and have
a lower geometric acceptance, and (2) the neutrinos are at lower energy and therefore have
a smaller cross-section. We have chosen what we consider to be a reasonable compromise
between n/Ky ratio and rate: we have tried to guarantee that rates per wire are under 1
MHz and the space charge for the hottest wire is under 10*°/mm?/sec, and moved to as small

a targeting angle as possible consistent with these constraints.

24M. Woods, op. cit.
253, Engler et al., Nucl Phys B84:70, 1985
281, Pondrom, Phys. Rep. 122, 1985
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A comparison of the observed K, spectrum in E731 to that predicted by
Malensek. The targeting angle for the E731 data was 5 mr, approximately
in the center of our targeting. The normalization is checked to 20%; the
agreement in shape is excellent.
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Fig. 14. A flux map for decaying K, with a normalization 10%/5 x 10!? protons.

The final chosen angle is -2 to +2 mr in 6, and +2 to +6 mr in §,. We would like up to 2mr
variability in 8, to allow for errors in our estimates. We have placed 30 in. of Be and 10X, of
Pb in the beam to further moderate the n/ Ky ratio and absorb photons in the beam; both
these moderators will be variable to adjust to real conditions, but the rates are approximately
correct and the choice of moderators and their lengths are consistent with previous choices
in the M Center line. We then find, using our flux tables, 1.25 x 10!° neutrons, a similar
1.25 x 101° Ky, and 1.5 x 10° decaying K per spill. The mean K, energy is 70 GeV/c, with

a spectrum similiar to that of Fig. 11. The v energy spectrum, weighted for cross-section,

is shown in Fig. 15.

We use the flux of K, into each unit of solid angle, with the correct momentum spectrum
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for that angle, to calculate a geometric acceptance of 14.8% for the tagger/neutrino detector
pair ( a hole for passage of the neutral beam wbuld reduce this number by an order-of-
magnitude). The mean neutrino energy is 47 GeV/c, and the probability of interaction in
the CCFR detector is 2 x 10711/GeV. With the resultant spectrum of neutrinos and with
standard CCFR fiducial cuts (p, > 9 GeV/c at the vertex, and geometric acceptance), we
have calculated an acceptance of 0.8 for muons from charged current v, interactions. The
lower energy muons from 7 decay, from the chain v, N — 7X, 7 — pvv, have an acceptance

of 0.67. Our total sample before cuts is then:

Hy+5) =
(1.5 x 10° K /spill) x
(.148 acceptance) X
(0.8 CCFR acceptance) X
(47 GeV x 2 x 10711 /GeV) x
[0.39 BR(K1, — wev.) or 0.27 BR(KL — mpv,)] X

4.6 x 10° spills

= 30,000(v, + 7.)
and

= 20,800(v, + 7,)

The application of cuts to eliminate background will be covered in the next section. The

cross-section sample will be cut by only 20% but the v, — v, oscillation sample will be cut
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in half.

The A° flux is a potential problem, both from extra rate in the spectrometer and the
decay chain A — pr~, ™ — uv, where the v, hits the neutrino detector. We have simulated
the A® spectrum and determined that within our targeting region there are approximately 10
A° produced per bucket with a mean lifetime of 70-80 cm. The decay products can then be
easily swept out of the beam. The background contribution of the v, from the above decay
chain with no sweeping and standard cuts (fiducial volume and E, > 30 GeV)is 1/10° events
and is hence negligible. There are two A° rare decay modes which must be considered as
well: A° — mev.(BR = 8.3 x 10~*) and A® — wpy, (BR = 1.57 x107*). The first decay, into
ve, will not contribute background to the oscillation searches but only to the cross-section
studies. The contribution to the cross-section after acceptance cuts will be under 10~° of
the signal. The second, which produces v,, is a potential background. After acceptance and

reconstruction cuts the background is at a similar, negligible level.

Similarly, production of v/K and background contribution from their decays are small.
K decay has been modeled as well, and before sweeping, contributes 1 background event
from Ks — wt7~, © — pv,. However, 99% of the Ks decay in the first 50 meters and after

sweeping we expect no background from K.

Finally, we consider “bare-target” production: production of charged m, K and their
decays into pv. The neutrino trigger will require E, > 20 GeV: for this energy, the =
lifetime is 1.12 km and the K lifetime is 150 m. With enough sweeping to dump 900 GeV
primary protons in the ﬁrsf ten meters, we do not expect a significant bare-target background,
since higher-energy (longer-lived) pa.rticies will have progressively less chance to decay. A

TURTLE simulation to systematically calculate the rates will be performed as part of a
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detailed beam-line design.
IV. Triggering

The experiment will trigger on total energy deposit in the neutrino detector. Our data
sample for simulations was cut at 30 GeV; we propose to have an Egy (hadronic energy)
trigger of at least 20 GeV in the scintillation counters in coincidence with the RF. Cosmic
ray air showers will dominate the trigger rate and from CCFR data with an Ey cut of 20

GeV we expect a trigger rate of 1-2 Haz.

We can generate an RF signal with scintillators near the target: they will see the beam
bunches and we can then generate an RF signal which will be sent to the tagger and the
neutrino detector. The trigger will then demand that the Ep trigger be in time with the
upstream scintillator. The tagger, unlike the neutrino detector, will not be used in the trigger:
the tagger readout will only encode the time of an interaction for each active channel of the
spectrometer. In the 500-750 nsec that it will take for the neutrino to travel from the tagger
to the neutrino detector, for the electronics to make a trigger decision, and then send a
trigger back to the tagger, any channel will have less than 1.0 hit on average (since the rate
per wire is only 0.5 MHz in the worst case). Each readout channel could store the time and
location of any hits with a memory 1 usec deep; fewer than 7500 hits would then need to be
processed (at the highest rate of 0.5 MHz, in 1 psec, half the wires would be hit). We could
conceivably put mean-timing circuits on pairs of adjacent wires to only accept hits in time
with the neutrino interaction, along with any unpa.iredl hits, to reduce the amount of data

to be processed.
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V. Backgrounds and Systematic Errors

In this section we will discuss the backgrounds to the oscillation signals. First, we cover
the physics of the sources; second, we will describe the reconstruction algorithm, and third,
use the algorithm and predicted resolutions to set cuts and determine the contaminations.
We conclude with a discussion of the systematics and backgrounds for the v, — 7, search

and the cross-section sample.

A potentially serious background in v, — v, or v, — v, searches arises from mistags,
depicted in Fig. 16. A mistag can occur whenever a Ke3 and a K3 decay occur within the
time resolution of the system; with 10 nsec time resolution, we only accept decays within the
same RF bucket. Then if the (rp) pair escapes detection and the (we) pair is accepted, but
the v, interacts, we will have an oscillation signal. This background may be simulated in a
straightforward way: generate Ke; and Kpj decay pairs, look for the proper pattern, and
then apply the reconstruction algorithm to accept or reject the event. The case in which all
the tracks enter and the neutrino is associated with the incorrect (7-lepton) pair provides a

negligible contribution and we ignore it.
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Fig. 16. A schematic of a mistag. A Ke; and a Kpj3 decay occur simultaneously.
The v, from the K pu3 interacts, the v, escapes or does not
interact in the neutrino detector. With the (we) pair tagged as shown,
the combination appears to be an oscillation.
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The rejection factor has two terms: the first comes irom the probability of two or more de-
cays occurring in the same bucket. This is a straightforward calculation in Poisson statistics:
at our rate of 1.5 K, decays/bucket we find 8.4% for the overlap where both the electron from
Kes and the muon from Kpus have the same charge. If they do not have the same charge,
the “coincidence” with the neutrino detector will not be appear to be an oscillation.?” The

second, larger rejection, comes from the reconstruction of the K, which we now examine in

detail.

The dipole spectrometer will reconstruct the momentum vectors of the pion and lepton.
We then project the tracks back to a common vertex and determine a three-dimensional de-
cay point for the K. The chambers are assumed to have a gaussian 2504 position resolution
and we assume gaussian multiple coulomb scattering in the vacuum window (1% rl). The
resultant deviations in the decay vertex are shown in Fig. 18 and Fig. 19; the first plot is
the error in the x- or y- transverse position and the second shows the error in reconstructed
position along the beamline. We then take the position of the target and draw a line from

it to the decay vertex. This line provides the initial direction of the K.

27Except for a special case: Let us posit a (xu') pair which escapes, a (we~) in the tagger, and a vp
neutral-current interaction in the neutrino detector which then produces an “opposite-sign” dimuon from
charm decay. This background is suppressed by 1/3 for the neutral current cross-section and a factor of 400
for the “opposite-sign” rate before reconstruction and timing cuts.

34



1::: :— ~- -"
1a* 3 H“ +1+

g ' '

r t

i iH +H+
o }TH t

— 40 — 20 a 20 40
4 x  (rmm.)

Fig. 17. The difference in the x-coordinate of the reconstructed vertex from the
true value. The distance is given in mm.

104 -~
. .
0’. -+
10‘3 — '_* '4
[ + +
: +r *-'_‘
- 3k 1
- ty +
‘E tt
o +
t f+4
et H
{ +1
102 =
—a4 -2 a 2 4
A Z (meters)

Fig. 18. The difference in the z-coordinate of the reconstruted vertex from the
true value. The distance is given in meters.

35



At this point we have the momenta and trajectories of two of the daughter particles (but
not the neutrino) and the initial trajectory of the K. We do not have the momentum of
the K, since that would require knowledge of the neutrino momentum vector. We may now
reconstruct the Ky up to a two-fold ambiguity in its energy. Fig. 19 shows the difference
of the two solutions divided by their sum; we see the difference is normally quite small but
extends to large values. Taking each solution in turn allows us to predict two possible mo-
mentum vectors for the neutrino: two pairs of neutrino energy and transverse impact point
in the neutrino detector. We then compare each pair to the measured values. Fig. 20 shows
the smaller difference in transverse position [Ar = (Az? + Ay?)3] for each of the two pairs
(the neutrino detector has a vertex resolution of 1.3 cm. for each of x,y). Having made this
choice, we then plot the energy resolution AE,/E, = (E,, measured — Ev, predictea)/ By, predicted
(the energy resolution of the neutrino detector is given by AE/E = 0.89/+/E for the hadronic
shower and ép,/p, = 0.11) in Fig. 21. We see the position determination is reasonable but
the energy resolution does not provide as stringent a test, largely because of the poor energy

resolution of the neutrino detector.
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There is an additional problem with the energy determination which we suspect makes it
unusable for background rejection in the v, — v, search. There is normally approximately
5-10% “missing energy” - energy which escapes detection largely in the form of neutrinos
created in the shower. The CCFR group has measured this in the Lab E detector and we
could certainly apply a correction, which would be adequate for v. — v, and v, — D,
studies. However, for the v, — v, search, there are two missing neutrinos from r — pvv.
This will smear the energy resolution so as to be largely unusable (certainly we could cut
on the visible energy being much larger than the predicted energy, and we will probably
eventually use that). In order to avoid the resultant problems and complexities, for the

Ve — v, oscillation studies we will quote results using only the transverse agreement.

We see a long tail in the position resolution plot which extends to surprisingly large values
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of Ar. The source of this tail is the ambiguity in the K reconstruction and arises from a
mismeasurement of the initial K; direction. The error occurs predominantly for decays at
small distances from the target. If the vertex resolution (which worsens as the decay moves
upstream) is large compared to the beam size, the initial Kz direction will have large errors
and hence the reconstruction will be wrong. A second contribution comes from the finite
target size, and again is worse for decays far upstream. This error in reconstruction is the
reason we must lose approximately half the data in order to reduce the background to less

than an event.

We first describe the background calculation for the v, — v, search. We may compare
the plots of Ar for the correct Ke; pair to randomly generated Kpus decays, both of which
populate the neutrino detector evenly. We require Ar <15 cm. and find 0.3 background
events after all cuts (acceptance, reconstruction, and timing; in addition we have placed a
cut on the pr of the p with respect to the hadron shower direction, which will be discussed
later and assumed 0.9 electron efficiency in the particle identifier). The (v. + 7.) sample is

reduced to 16K from 30K. The rejection factors break down as follows:
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1. Poisson statistics

@ 1.5 K decays/bucket 0.084
II. Probability of (wp) escaping,

v, hitting 4.0 x 102
III. Probability of (we)

acceptance in tagger - 0.23
IV. Probability that (re)

matches v, 42 x 10™3

A final suppression arises because the v, accepted in II. above have a mean energy of 27
GeV (the true matches have an mea.ﬁ E, of 47 GeV). We then calculate the number of
background events exactly as we calculated the number of signal events at the end of section
III. A more refined calculation is probably unjustified: for example, we have not simulated
non-gaussian tails in the resolutions. However, the background is clearly small and the
answer is approximately correct. We expect to measure the real resolutions from the data

and only then will be we able to estimate the mistagged background more accurately.

The second source of background for v, — v, is the “same-sign” dimuon signal shown
in Fig. 24. This occurs when a v, interacts and is correctly tagged, but a muon exits
from the hadronic shower and survives the acceptance cuts in the neutrino detector. If the
muon has the same charge as the muon expected at the vertex, then the event will pass the

“charge-matching” requirement and appear to be an oscillation. This background is iden-
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tical to the background in the “same-sign” dimuon search of E616 and E744/E770 and has
been extensively studied in those experiments.?® The overall scale is easily calculated: E744
observed approximately 115 same-sign dimuons with p, > 9 GeV/c in a fiducial sample of
780K charged-current v, events. We then expect 1.47 x 10~* events with p, > 9 GeV/c per
charged-current neutrino interaction (neutral current v, interactions, which look the same
topologically, will contribute another 1.2 events), or 3.5 events in our 16K sample. We may
then apply kinematic cuts (for example, on the pr of the muon with respect to the hadronic
shower) and reduce this background by an order-of-magnitude without significant loss in
the oscillation sample. We have used the CCFR Monte Carlo to calculate the measured
pr distribution for shower muons and for muons from 7 decay: the distribution in pr is
shown in Fig. 25. With a cut on pr of 1.0 GeV/c we find an order-of-magnitude loss in the

background with a 15% loss in signal (the cut had been included in the 16K estimate).??

28B.A. Schumm et al., Phys. Rev. Lett. 60(1988), 1618. For more detail see B. A. Schumm, Like
Sign Dimuon Production in High Energy Neutrino Interactions, PhD Thesis, University of Chicago (1988)
unpublished.

29These cuts were not used by E744/E770; the distributions of pr and other variables were compared to
the simulations of x/K decay in the shower. Since the source of any dimuon excess was unknown, placing
cuts could accidentally eliminate the signal and it was therefore safer to examine the entire distribution
compared to the /K background. In addition, the Lab E drift chambers were fitted with FADC’s for E770
so that the energy flow of the hadronic shower can be accurately measured. We expect to use them in
applying pr cuts to eliminate the shower background; for this study, we have used the old analysis without
the FADC’s and will undoubtedly have greater background rejection with them.
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(hadronic shower)

K

(hadronic shower)

Fig. 22. The source of “same-sign” dimuons. A muon is produced in the hadronic shower.

For v., we cannot separate charged-current from neutral-current events and hence
both diagrams contribute.
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Fig. 23. The pr of the muon with respect to the hadron shower. The sources are as
shown: one from “same-sign” production, and the other from the final muon in

v,N — 17X, 7 — pvv. The samples have been normalized to 1 event. The cut
was placed at 1 GeV/c in the simulation.
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The v, — v, sample has, as explained earlier, a background from “opposite-sign” dimuon
production. We estimate less than an event from the charged-current sample from the p,
cuts described there. The neutral current background (v,N — v, X) still remains, but the
measured neutrino energy will be smaller than the predicted value because of the missing
outgoing neutrino. The distribution of AE,/E, (tagger-to-neutrino-detector) can then be
used; we cut on missing energy of >25% and lose 1/3 of the sample but eliminate this

background.

Finally, we can think of no significant background in the cross-section determinations.

The cross-section will be calculated by forming a ratio proportional to the cross-section:

R, = (observed v with a tag)

/(random prescaled sample from the tagger)

The dominant systematic error will be the error in predicting whether the neutrino will
strike the detector for events in the denominator. By cutting away from the edges of the
neutrino detector, we can increase the acceptance to 90% and are confident the systematic
error on the acceptance will be 1% or less. We expect the final cross-section sample to be
25K for v, and 16K for v,. In each, 2/3 will be neutrino and 1/3 antineutrino (from the
relative neutrino/antineutrino cross-section) so the statistical errors will always be under

2%.

VI. Schedule

We are currently negotiating with other experimental groups and expect that the requisite
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manpower will exist by Spring, 1989. Construction could begin in 1990 with a first run in
1991 which will “shake-down” the detector and provide our first data sample. The following
fixed target run would provide our main sample. The experiment would then complete -

data-taking in approximately 1994.

VII. Long Term Kj, Studies

The beam as planned could provide more than 10** K per year. This is four to five
orders of magnitude more K than have been seen in the best rare K decay experiments
at Brookhaven. Triggering in such an environment is extremely difficult; furthermore, the
detector is probably not optimized for the delicate background rejection required. However,
with a lower rate and a better-defined decay region, we could think about a rare K decay
search at the 10~13 level. We are discussing the long-term possibilities with the “Future of

Kaon Physics” committee at Fermilab (B. Winstein, chair).
VIII. Summary

We have demonstrated the physics potentia.l‘ of the tagged neutrino line to significantly
extend the v, — v, and v, — , limits, probe an important region of mixing in v, — vr,
and perform precision measurements of the v, and v, cross-sections at the 1-2% level. The
calculated fluxes are based on extensive experience at FNAL. The design of the tagging
spectrometer, although obviously preliminary, is within standard practice. In two fixed
target runs we can explore new neutrino oscillation physics and provide benchmark cross-

section measurements that are perhaps uniquely accessible with tagged neutrinos.
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